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Abstract
Existing studies suggested a number of possible contributing factors to dry inclined
cable galloping, including the axial flow forming on the leeward side of the inclined
cable and the emergence of critical Reynolds number. The current study aims at inves-
tigating the role of cylinder orientation and Reynolds number in this phenomenon. A
combination of the detached eddy and large eddy simulations was conducted to study
the fluid structure around and aerodynamic force coefficients of a stationary circular
cylinder normal to or inclined against the oncoming flow. The developed numerical
models have been validated using existing numerical and experimental data. The ef-
fect of axial flow, in terms of the cylinder orientation represented by the attack angle
(0◦, 30◦, 45◦, 60◦), and the Reynolds number (3900, 1.4 × 104, 105, 1.4 × 105, 2.8 × 105)
have been discussed in detailed. A numerical study has been performed to indirectly
examine the effect of the axial flow via a perforated splitter plate. Visualization of the
fluid structure shows that a secondary flow forms on the leeward side of the circular
cylinder when it is inclined, and the separated shear flow becomes more stable as cylin-
der orientation increases. Results indicate that the inclination of the circular cylinder
would cause a near-zero span-wise averaged lift force due to the span-wise delay of
the sectional cross-flow force coefficient. The sectional lift force coefficient is found to
become more disorganized when the flow enters the critical Reynolds number régime
in general. Within this critical range, the span-wise averaged lift force coefficient shows
a peak amplitude that significantly differs from that in the subsequent shedding cycles
when the attack angle is less than 45◦. Results of the perforated splitter plate manifest
that with the decrease of the splitter plate perforation ratio, a stronger interruption on
the interaction between the two separated shear flows was found.
v
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Chapter 1
INTRODUCTION
1.1 Background
Cable-stayed bridges have become progressively popular since the completion of the
Stromsund Bridge in Sweden in 1955, mainly due to their modest requirement on ground
anchorage condition, efficient utilization of structural material, higher stiffness and
economy compared to the suspension bridges. Rapid development in materials, design
and construction technology constantly push the bridge span to a new limit. Currently,
the record holder of the cable-stayed bridge, the Russky Bridge in Russia, has a cen-
tre span length of 1104 m and the longest cable on the bridge is 580 m. The road deck
of the highest cable-stayed bridge, the Duge Bridge in China inaugurated in 2016, sits
over 565 m above the Beipan River. These great advancements are, naturally, accompa-
nied with new engineering challenges. Owing to the low lateral stiffness, low inherent
damping and small mass, stay cables on cable-stayed bridges are sensitive to dynamic
excitations. Further, the inclined and/or yawed orientation of stay cables against the
oncoming wind introduces some unique wind-induced cable vibration phenomena, the
mechanisms of which are yet to be fully comprehended.
One of the vibration phenomena that is characterized by large amplitude and low fre-
quency oscillation of stay cables in the direction transverse to the mean wind direction is
known as dry inclined cable galloping. It is different from the most frequently observed
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vibration events, i.e., rain-wind-induced vibration, on the cable-stayed bridges. The on-
set condition of dry inclined cable galloping excludes the presence of precipitation and
the amplitude of the vibration could be more than ten times of the diameter of stay ca-
bles. Such vibrations would not only damage the safety of the cable-stayed bridge but
also cause public panic. However, limited effort has been dedicated to understanding
this type of wind-induced cable vibration compared to the vortex-induced vibration. A
few wind tunnel tests found that galloping of a single dry inclined cable could poten-
tially be a serious concern for cable-stayed bridges. Due to the challenges in obtaining
accurate on-site weather conditions when the violent cable vibration occurs, this type
of aerodynamic instability has not been formally confirmed on real bridges. However,
the characteristics of severe cable vibration in a few site reports (Ni et al., 2007; de Ville
de Goyet, 2017) suggest that the mechanism of these violent cable oscillations could be
possibly related to galloping.
1.2 Motivation
Flow-induced large amplitude vibrations of slender structures associated with vortex
shedding has been found to be a complicated phenomenon (Billah and Scanlan, 1991).
Because of the low lateral stiffness, low inherent damping, and small mass, stay cables
on cable-stay bridges are prone to vibrate with a large amplitude. After three decades
of explorations, a rational explanation of those wind-induced large amplitude stay ca-
ble vibrations has yet to be provided via the experimental approach and the theoretical
approach. The path to unveil the mechanisms associated with wind-induced cable vi-
brations depends on the proper understanding of the fluid mechanics. The ability to
study physics of fluid flow using computational fluid dynamics (CFD) has been proven
to be an alternative approach since the advent of the digital computer in early 1960’s.
The finite volume method, together with the SIMPLE algorithm (Patankar and Spald-
ing, 1972), made CFD a practical tool in analyzing problems that involves fluid flows.
High Performance Computing (HPC) hardware and constantly improved turbulence
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models are gradually improving the ability of CFD in predicting the complicated fluid
properties and behaviours. As a complementary tool to reveal almost unlimited details
of the fluid flow, CFD could provide some insights of the fluid flow that would help
experimentalists to design and conduct better experiments. On the other hand, those
experiments would further help the interpretations of numerical models to improve the
perceptions of the challenges.
The primary tool involved in this thesis is an open-source code under GNU General
Public License. Because of the nature of the current numerical simulation, i.e., flow
around a circular cylinder at different angle of attack under different flow conditions,
it is possible to provide the details of the numerical settings (e.g., numerical scheme,
boundary conditions, and choice of the solver) as well as the computational costs for
future researchers who are interested in studying this chronic problem. The results gen-
erated by CFD is far from mature. Thus, a full document of this numerical exploration
would possibly help future researchers.
1.3 Objective
The main objective of the current work is to study effects of the cylinder orientation
on the flow structure in the near wake (< 10D in the stream-wise direction) and the
aerodynamic forces on a circular cylinder at higher Reynolds number in the sub-critical
and the critical régime. To unveil the possible relation between the von Kármán vortex
shedding mitigation and the onset of dry inclined cable galloping, it is also imperative
to examine how change in the interaction of separated shear layers would influence
the flow structure around a circular cylinder and/or vice versa. This would allow ex-
amining the impact of axial flow intensity on the aerodynamic behaviour of a circular
cylinder indirectly and shed light on the role of the axial flow in the excitation mecha-
nism of dry inclined cable galloping. Based on the above consideration, the objectives
of this study are listed as follows:
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1. Create and validate meshes that represent a realistic approximation of the real
engineering challenge.
2. Explore the flow structure around and the aerodynamic forces acting on a circular
cylinder when the cylinder is inclined (effect of attack angle) to the flow in the
sub-critical and critical Reynolds number régime (effect of Reynolds number).
3. Examine how the interaction of separated shear layers would influence the flow
structure via a perforated splitter plate.
4. Discuss possible factors contributed to dry inclined cable galloping from the ex-
ploration of the numerical results.
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Chapter 2
LITERATURE REVIEW
2.1 Mechanisms of Wind-induced Cable Vibrations
2.1.1 General Background
Vibration of stay cables could be induced by several possible mechanisms (Kumarasena
et al., 2007):
• Vortex excitation of an isolated cable
• Rain-wind-induced vibration
• Galloping of ice-coated cables
• Galloping of cables in the wake of other structures (e.g., stay cables, towers, and
truss members)
• Galloping of single cable inclined to the wind
• Aerodynamic excitation of the whole bridge
• Wind turbulence buffeting
• Fluctuating cable tensions
Some of the above mechanisms are well understood by researchers. They are listed in
the above for completeness. Among those phenomena, the rain-wind-induced vibration
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has been most frequently reported on-site (Cheng et al., 2008a), so a brief introduction
will be presented in the following section. Then, existing studies on galloping of bridge
stay cable inclined to the wind under no precipitation condition will be reviewed.
2.1.2 Rain-wind-induced Vibration
Excessive vibrations of cables on cable-stayed bridges have been frequently reported
in recent years. Among these incidents, the rain-wind-induced vibration (RWIV) is ob-
served the most on-site. This sort of vibration was first reported by Hikami and Shiraishi
(1988) on the Meiko-Nishi Bridge in Japan. After that, numerous similar cases were re-
ported (Watson and Stafford, 1988; Pacheco, 1993; Persoon and Noorlander, 1999; Main
and Jones, 1999; Matsumoto et al., 2003; Zuo et al., 2008; Zuo et al., 2008). Extensive
researches have been conducted to unveil this mystery, mainly using wind tunnel tests
(Matsumoto et al., 1995; Flamand, 1995; Bosdogianni and Olivari, 1996; Ming et al., 2002;
Gu and Du, 2005; Alam and Zhou, 2007; Zuo et al., 2008; Jing et al., 2017), theoretical
(Yamaguchi, 1990; Cao et al., 2003; He et al., 2010; Chen et al., 2013) and numerical anal-
yses (Seidel and Dinkler, 2006; Robertson et al., 2010; Bi et al., 2013; Wang et al., 2016).
While many studies have been carried out to investigate the excitation mechanisms of
RWIV, researchers hold different or even contradicting ideas and no consensus has been
reached so far (Jing et al., 2017). It is believed that the water rivulets formed on the
cable surface takes a significant role in RWIV in terms of a) changing the effective cross-
section of stay cables; b) adding extra inertia mass to the vibrating system. However, a
precise excitation mechanism of RWIV remains unclear.
2.1.3 Dry Inclined Cable Galloping
Galloping is initially a term to describe a type of self-excited vibration occurred on ice
accumulated transmission lines within the discipline of mechanical vibration. One of
the early endeavors, J.P. Den Hartog (Hartog, 1932), studied the ice-coated conductor
galloping and developed a general stability criterion for the phenomenon. It is believed
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that the asymmetric cross-section of cables due to ice accumulation is the initial cause.
This induces negative aerodynamic damping and eventually leads to the divergent type
of motion. Because of the similarity between the transmission lines and stay cables on
cable-stayed bridges in terms of the geometry, galloping is also used to describe large
amplitude and low frequency vibration occurred on stay cables.
Existing literatures suggest that there are two possible explanations for the large am-
plitude cable vibrations: parametric excitation due to the movement of supports and
aerodynamically induced instability. The explanation of the former is beyond the scope
of the current work, but a brief description is given as follows. The girder and/or the
mast could be excited due to various reasons, e.g., dynamic loads due to traffics or wind.
If these oscillations are close to twice of the natural frequency of a cable, it will cause
unstable oscillation of stay cables (Lilien and Dacosta, 1994).
With regard to the aerodynamic related mechanism, Saito et al. (1994) conducted a
dynamic test on a life-size stay cable model in a large wind tunnel. In one of their ex-
periments, of which the rain was not simulated and the relative angle between the cable
and wind was 45◦, they found that the characteristic of the inclined cable vibration was
that the vibration amplitude tends to become divergent and appeared to be difficult to
restrain when the wind speed exceeded a certain limit. They pointed out that this phe-
nomenon was highly sensitive to the underlying vibrating system and thus extremely
difficult to reproduce under the laboratory environment. They also investigated aerody-
namic stability of an inclined cable when wind was accompanied by the simulated rain.
Compared to no rain condition, the cable exhibited a limited response amplitude which
was easier to reproduce. Based on the experimental results, they proposed an instabil-
ity criterion which suggested that the onset condition of dry inclined cable galloping
could be easily satisfied for many stay cables on existing bridges and the unstable cable
motion could not be suppressed by introducing additional damping. However, this cri-
terion is too conservative to be applied to bridge design and field experience indicated
that this was not the case.
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Cheng et al. (2003) tested a 2D sectional cable model in a wind tunnel in order to con-
firm the galloping type of response identified by Saito et al. (1994). They observed the
galloping type of cable motion without rain in only one of their tested cases where the
relative angle between the wind and cable axis was 60◦ and the wind speed reached
32 m/s (Re ∼ 3.2 × 105). This kind of large amplitude low frequency vibration of in-
clined cable under no precipitation condition was thus termed as “dry inclined cable
galloping”. They further concluded that the instability criterion for the inclined cable
vibration defined by Saito et al. (1994) was more conservative than their results. Be-
sides the wind tunnel test by Cheng et al. (2003), a number of subsequent wind tunnel
tests (Nikitas et al., 2009; Jakobsen et al., 2012; Vo et al., 2016) also identified the large
amplitude and low frequency vibration of inclined cable model without the presence of
precipitation. However, it should be pointed out that some researchers believe that the
large vibration of stay cable is a combined effect of rainfall and wind. For example, Zuo
and Jones (2009) suspected that the dry inclined cable galloping observed in the wind
tunnel test by Cheng et al. (2003) might relate to rain-wind-induced vibration in the
field.
Although there is no on-site measurement which formally confirms the existence of dry
inclined cable galloping due to difficulties in obtaining the field data, there are a few
field reports of large amplitude cable motions whose characteristics are similar to dry
inclined cable galloping. Ni et al. (2007) conducted a series of field observations lasting
45 days on the Dongting Lake Bridge by deploying accelerometers, anemometers, and
rain gauges. Although they used the term “Rain-wind induced vibration” in their re-
port, it is unclear the exact role of the rainfall in the recorded violent cable motions. For
example, the time history of the rainfall during 0:20 a.m. to 1:50 a.m. remained 4 ∼ 5
mm/h, whereas the in-plane acceleration only reached a peak value of 10g at around
1:00 a.m. on April-29, 2003 in their Fig. 12 (a) (Ni et al., 2007). de Ville de Goyet (2017)
reported large vibrations of some stay cables after the erection of the 20th steel segment
of the third Bosporus Bridge. They estimated that the largest vibration reached more
than ten times of the diameter of the stay cables. It should be pointed out that they
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specifically pointed out that there were no rain when the stay cables were under violent
vibrations.
Macdonald and Larose (2006) derived a general expression for the quasi-steady aero-
dynamic damping of a cylinder of arbitrary cross-section yaw/inclined to the flow, for
small amplitude vibrations in any plane. By using their theoretical expression, they
found that the inclined cable would become unstable when the relative angle between
the cylinder and oncoming wind was 60◦, which was in a good agreement with a dy-
namic cable wind tunnel test (Cheng et al., 2003).
Matsumoto et al. (2010) proposed that there was a possible strong connection between
two types of instability on the stay cables: a) von Kármán vortex shedding; b) dry in-
clined cable galloping. The mechanisms of the two instabilities compete with each other.
If the von Kármán vortex shedding is weak, the dry inclined cable galloping would be
prone to occur. They then further elaborated how the “communication” between the
two separated shear layers influenced the stability of the circular cylinder. They also
did two experiments to further validate their speculation. In one of their experiments,
they found that the artificially generated axial flow in the leeward side of the circular
cylinder could drive a non-yawed/inclined cable into a divergent type of vibration. In
another experiment, they used a perforated splitter plate installed in the near wake of
the cylinder to simulate the effect of the axial flow in interrupting “communication”
between the two separated shear layers.
Cheng et al. (2008b) explored the application of the Den Hartog criterion in explaining
dry inclined cable galloping using the experimental result from Cheng et al. (2008a). By
calculating the aerodynamic damping using drag and lift coefficients obtained from the
static test, they well predicted the divergent type of motion which was observed in the
dynamic tests. However, they pointed out that the applicability of Den Hartog criterion
only occurred in a critical range of Reynolds number. They also found a better organi-
zation of surrounding flow within the critical range where the resultant aerodynamic
forces exerting in different sections of the cable tend to point toward the same direction.
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Raeesi et al. (2014) derived a two-degree-of-freedom aeroelastic model in the context of
a rigid circular cylinder model with respect to the turbulent nature of oncoming flow.
They pointed out that the emergence of the critical Reynolds number alone is an in-
sufficient condition to generate dry inclined cable galloping. They concluded that the
sustained duration of the critical flow condition was also a key element in triggering
dry inclined cable galloping.
Outcomes of existing studies indicated that the necessary conditions to trigger dry in-
clined cable galloping would include: a) emergence of the critical Reynolds number
regime (Macdonald and Larose, 2006; Cheng et al., 2008a; Cheng et al., 2008b); b) pres-
ence of the axial flow (Matsumoto et al., 2003); and c) sustained duration of the critical
flow condition (Raeesi et al., 2014). Also, high span-wise correlation of aerodynamic
forces on the cable upon the onset of dry inclined cable galloping was found by Cheng
and Tanaka (2005). The possible existence of the so-called “dry inclined cable galloping”
and the possible relation between the vibrations observed on wet and dry cables is still
unclear.
2.2 Flow over an Inclined Circular Cylinder
Stay cables on stay-cable bridge are typically modeled as circular cylinders in various
analytical, experimental, and numerical studies. Despite its simplicity in geometry, fun-
damental studies of this canonical problems in fluid mechanics suggest that the details
of the fluid mechanics are not fully clear, and are still being studied analytically, exper-
imentally and numerically. It is worth noting that Reynolds numbers in engineering
practices usually have an order of 105. The transition of the boundary layers is ex-
tremely sensitive to fluid conditions. This results relatively scattered literature data.
Besides, stay cables are often exposed to wind. Due to the orientation of stay cables,
the relative angle between the cable axis and wind complicated the problem beyond the
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normal flow incidence. Clearly, when a cylinder is oblique with respect to the incom-
ing flow, a highly three-dimensional flow field is formed around it. Therefore, the re-
sulting aerodynamic instability would have much more complicated mechanisms than
the classical flow-induced cross-flow vibration case. Compared to a cross-flow circular
cylinder, when a cylinder is inclined and/or yawed to the incoming flow, the reported
results are not only limited (Snarski, 2004) but also discrepant or even contradict (Ram-
berg, 1983) with each other. In engineering practices, a two-dimensional approximation
that ignores the axial (parallel) component of the incoming flow and only considers the
normal component, known as the “Independence Principle”(IP), proposed by Hoerner
(1993), was proved to be valid by researchers (Hoerner, 1993; Relf and Powell, 1917).
Nevertheless, some experimental works (Bursnall and Loftin, 1951; Hanson, 1966; Ram-
berg, 1983; Lucor and Karniadakis, 2003) questioned about its validity.
Relf and Powell (1917) tested smooth and multi-stranded cables with a yaw angle up
to 70◦ and found that forces perpendicular to the cable axis was proportional to cos2ϕ
where ϕ is yaw angle. King (1977) experimentally visualized the flow pattern surround-
ing a stationary and an oscillating yawed circular cylinder and concluded that the local
flow was normal to the cylinder axis. Burnsall and Loftin (1951) investigated pressure
distribution for flow over a circular cylinder at a yaw angle from 0◦ to 60◦ from be-
low the critical Reynolds number up to about 5.0 × 105 and concluded that the force
characteristics of a yawed circular cylinder could not be solely determined based on the
velocity component normal to the cylinder axis. Zhou et al. (2010) measured the fluid
structure in the intermediate wake of a stationary circular cylinder. They pointed out
that the peak of the span-wise vorticity spectrum reduced as the yaw angle increased.
Meanwhile, the peak region of the span-wise vorticity gradually enlarged with the in-
creasing yaw angle, which suggested an enhancement of the three dimensionality of the
flow.
One of the challenges the experimentalists encountered when investigating the flow
past a yawed cylinder is the end effect (Gallardo et al., 2014). Williamson (1989) found
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that the end conditions could affect the vortex wake over the entire span even for cylin-
ders with hundreds of diameters in length. In some engineering applications, e.g., stay
cables on cable-stayed bridges, the aspect ratio would extent to thousands, whereas the
laboratory testing condition could be almost impossible to completely eliminate the end
effects. Numerical simulation can avoid the end effects issue by assuming periodicity
in the span-wise direction (Gallardo et al., 2014).
Chiba and Horikawa (1987) numerically solved the viscoelastic fluid fields and found
that the fluid was prone to attach to the leeward side surfaces when the flow detached
from the separation point. Kawamura and Hayashi (1994) calculated incompressible
three-dimensional flow around a finite and an infinite circular cylinder at 30◦ yaw angle
at a Reynolds number of 2000. They identified a secondary flow that propagated down-
stream along the axis of the cylinder in the wake and found that the flow in the cross
sections parallel to the two end plates differ greatly from each other.
Lucor and Karniadakis (2003) investigated the validity of the IP for fixed yawed circu-
lar cylinder by means of the direct numerical simulation (DNS) at a Reynolds number
1000. They showed that the IP was not valid for yaw angle greater than 60◦. They also
confirmed that the oblique shedding at an angle that differs from the inclined angle
was intrinsic to a stationary inclined circular cylinder without the end effects. Marshell
(2003) applied a quasi-two-dimensional idealization to study the wake dynamics of a
yawed cylinder. Two possible explanations for the breakdown of IP were proposed:
the Kelvin-Helmholtz-type instability of the cross-stream vorticity sheets in the cylin-
der near the wake and the presence of the axial flow. The mean drag coefficient from
the DNS results of Zhao et al. (2009) matched the IP prediction below a yaw angle of 30◦
but had a deviation around ten percent at 60◦. They found that the parallel shedding
leads to the Strouhal number closely flowing the IP.
An investigation on the 3D characteristic of flow around a yawed and inclined circular
cylinder was conducted by Yeo and Jones (2008) by means of detached eddy simulation
(DES) at a Reynolds number 1.4 × 105. The iso-surface contour of the second invariant
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for the case using the slip wall boundary condition showed that the vortex filaments
formed a wavy line that streamed out behind the cylinder near the slip wall, which
was similar to the experimental observation (Ramberg, 1983) from flow visualization at
Re = 160. However, the same phenomenon did not appear when applying the periodic
boundary condition.
Zhao et al. (2011) studied the 3D transition of a cable at two angles of attack, i.e., the 0◦
and 45◦. No clear-cut transition mode was observed for the case of 45◦, but they sus-
pected that the flow in the span-wise direction might smooth out the instability and con-
strained the vortex dislocation. Bourguet and Triantafyllou (2016) studied the response
of a flexible cylinder at an inclined angle 80◦ by means of DNS at a Reynolds number of
500 based on the cylinder diameter and the incoming flow velocity. They observed that
in the absence of the vibration, the wake behind the circular cylinder showed an oblique
shedding mode. In addition, they also confirmed that the IP was not applicable at large
inclination angle, i.e., 80◦.
2.3 Axial Flow and Splitter Plate
Many researchers investigated the impact of placing a solid plate in the near wake of
a cylinder on its surrounding flow structure. Roshoko (1954) discovered that the base
pressure of a circular cylinder would be substantially increased if a long solid splitter
plate was present in the wake. Apelt et al. (1973) conducted experiments by placing
a solid splitter plate of different lengths downstream of a circular cylinder. They con-
cluded that the near wake structure of the cylinder might be studied in the absence
of von Kármán vortex formation. A few other studies also discussed how the inter-
ruption between the separated shear layers in the wake region of a cylindrical body in
the presence of a solid splitter plate would affect the aerodynamic forces acting on it
(Ozono and S., 1999; Choi et al., 2008; Dehkordi and Jafari, 2010; Ali et al., 2012). On the
other hand, experimental studies on the effect of a perforated/permeable wake splitter
plate on the flow structure around a circular cylinder were rarely reported in literature.
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Cardell (1993) indicated that if a permeable splitter plate was placed in the wake of a
cirucluar cylinder, both drag and von Kármán vortex shedding frequency would drop.
In addition, provided the plate solidity ratio was high enough, the base pressure of the
cylinder was found to be independent of the Reynolds number and the plate solidity
ratio. As far as the numerical simulation is concerned, the solid wake splitter plate ef-
fect was investigated by a number of researchers in the relatively low Reynolds number
regime (Kwon and Choi, 1996; Hwang et al., 2003; Hwang and Yang, 2007; Vu et al.,
2015); whereas to the best knowledge of the author, reported numerical study on the
flow structure around a circular cylinder with a perforated wake splitter plate is scarce.
Existing studies show that the extent of interaction between the separated shear layers
was critical to the characteristics of the cylinder wake. Abernathy and Kronauer (1962)
proposed that, in the sub-critical Reynolds number region, the von Kármán vortex street
could form without a wake producing body, but rather by just bringing two vortex
sheets within some initial distances. Cardell (1993) confirmed the ability of permeable
splitter plate in modifying the interaction across the center plane of a circular cylinder
wake. The effect of axial flow, on the other hand, on interrupting the interaction between
the two separated shear layers in the near wake region behind a circular cylinder was
reported by Matsumoto et al. (2010). It was also suspected that the formation of axial
vortex on the leeward side of the cylinder and the possible interaction between the axial
vortex shedding and the conventional von Kármán vortex shedding in the wake could
contribute to the aerodynamic instability of the cylinder. Their results indicated that
galloping could be excited by introducing artificial axial flow in the near wake of a non-
yawed circular cylinder. However, quite counter intuitively, it was also found that the
velocity of axial flow, which might be related to the degree of interference on shear layer
interaction, had an inverse relation with the stability of the circular cylinder. Though
the mechanism of axial flow on affecting the aerodynamic stability of a circular cylinder
has not been fully unveiled, it is clear that part of its role is similar as that of the splitter
plate, i.e., to interrupt the shear layer interaction. Therefore, it is feasible to apprehend
our understanding of the effect of axial flow, as well as its intensity, on the aerodynamic
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stability of a circular cylinder via placing a splitter plate with variable perforation ratio
in its wake.
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Chapter 3
METHODOLOGY
3.1 Governing Equations
In typical wind engineering practice, the speed of the flow is relatively slow compared
to the sound speed, so the compressible effects could be ignored. Also, the gravity
effects will be ignored in the current study. The incompressible Newtonian fluid is gov-
erned by the conservation of the mass and the momentum in a vector form:
∇ · v = 0, (3.1)
∂v
∂t
+ (v · ∇)v = −∇p
ρ
+ ν∇2v, (3.2)
where v is velocity vector, p is pressure, ρ is the density, and ν is kinematic viscosity.
The analytical solution to Eqs. (3.1) and (3.2) for any initial and boundary conditions
remains one of the greatest unsolved problems in physics. However, the demand to
understand the fluid properties motives us to find alternative methods. Computational
fluid dynamics is one of such methods.
Directly solving Eqs. (3.1) and (3.2) in (x, y, z, t) is only possible on small scale where
Reynolds number is low (Mukerji, 1997). Substituting the instantaneous flow quantities
by their mean and fluctuating components, the Navier-Stokes equations can be simpli-
fied.
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3.1.1 Reynolds Averaged Navier-Stokes Equations
Using Einstein notation, Eqs. (3.1) and (3.2) can be written in Cartesian coordinate in
the following format:
∂ui
∂xi
= 0, (3.3)
ρ
∂ui
∂t
+ ρ
∂(ujui)
∂xj
= − ∂p
∂xi
+
∂τij
∂xj
, (3.4)
where ui and xi are velocity and position, t is time, p is pressure, ρ is density, and τij is
the viscous stress tensor defined by:
τij = 2µsij , (3.5)
where µ is dynamic viscosity and sij is the strain-rate tensor,
sij =
1
2
(
∂ui
∂xj
+
∂uj
∂xi
). (3.6)
Reynolds (1895) split the dependent variables into a mean part and a fluctuating part,
i.e.:
ui = ui + u
′
i,
p = p+ p′,
τij = τij + u
′
ij .
(3.7)
Using Eq. (3.7) to time average Eqs. (3.3) and (3.4) yields the Reynolds Averaged Navier-
Stokes Equations (RANS) in conservation form:
∂ui
∂xi
= 0, (3.8)
ρ
∂ui
∂t
+ ρ
∂(uiuj + u′ju
′
i)
∂xj
= − ∂p
∂xi
+
∂τij
∂xj
, (3.9)
Besides the replacement of the instantaneous variables by their mean value, the only
difference between Eqs. (3.1) and (3.2) and Eqs. (3.8) and (3.9) is the appearance of
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the correlation u′ju
′
i, so the fundamental problem of turbulence for engineering is to
find a proper description for computing u′ju
′
i. There are many RANS-based turbulence
models, and they can be classified into three main branches:
• Linear eddy viscosity model
• Nonlinear eddy viscosity model
• Reynold stress model (RSM)
Although RANS-based turbulence models have gained in popularity within the indus-
trial applications, the main drawback of RANS-based models is the fact that they are
incapable of modeling the interactions between the mean properties and the fluctua-
tions. Those models require very careful calibration for different classes of flow, shape
of geometry, initial condition, and boundary condition. Therefore, RANS-based models
have a limited predictive capability.
3.1.2 Large Eddy Simulation
A large eddy simulation (LES) is a numerical method to directly solve the filtered Navier-
Stokes Equations and model the small-scale eddies. Compared to the direct numerical
simulation (DNS) in which the Navier–Stokes equations are numerically solved with-
out any turbulence model, the LES could save computational cost. The LES approach
considers the large-scale motions to be responsible for the majority of the effects on the
mean flow properties and assumes that the small-scale eddies have a more universal
characteristic which is more suitable to be modeled. Compared to the RANS approach
in which the local unsteadiness is ignored by the time averaging process, LES approach
can capture smaller scale flow structures based on the filter sizes.
Many filters are available in the literature, but the simplest type of filter is the volume-
average box filter created by Deardorff (1970):
ui(x, y, z, t) =
1
∆3
∫ x+∆x
2
x−∆x
2
∫ y+∆y
2
y−∆y
2
∫ z+∆z
2
z−∆z
2
ui(ξ, η, ζ, t)dζdηdξ, (3.10)
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where ξ, η, and ζ are dummy variables representing x, y, and z, respectively, ∆x, ∆y,
and ∆z are the corresponding grid size, and the filter width, ∆, is defined as:
∆ = (∆x∆y∆z)3. (3.11)
By imposing the filter, for the incompressible flow, the resolvable-scale equations can be
derived from Eqs. (3.3) and (3.4) as the following form:
∂ui
∂xi
= 0, (3.12)
ρ
∂ui
∂t
+ ρ
∂(uiuj)
∂xj
= − ∂p
∂xi
+
∂τij
∂xj
. (3.13)
Then, the convective flux is in the form of:
uiuj = u¯iu¯j + Lij + Cij +Rij (3.14)
where Leonard stress (Lij), cross stress (Cij), and sub-grid scale Reynolds stress (Rij)
are defined as follows:
Lij = u¯iu¯j − u¯iu¯j ,
Cij = u¯iu′j + u
′
iu¯j ,
Rij = u′iu
′
j .
(3.15)
Rearranging Eq. (3.13), a more conventional form can be written as follows:
∂u¯i
∂t
+
∂
∂xj
(u¯iu¯j) = −1
ρ
∂P
∂xi
+
∂
∂xj
(ν
∂u¯i
∂xj
+
τij
ρ
). (3.16)
where
τij
ρ
= −(Qij − 1
3
Qkkδij)
P = p¯+
1
3
ρQkkδij
Qij = Rij + Cij .
(3.17)
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The key point for large eddy simulation is to find a model for the sub-grid scale stresses
(SGS) as represented by the tensor Qij . Smagorinsky (1963) was the first to propose a
model for the SGS stresses:
τij = 2µTSij , Sij =
1
2
(
∂u¯i
∂xj
+
∂u¯j
∂xi
) (3.18)
where the Smagorinsky eddy viscosity is defined as:
µT = ρ(CS∆)
2
√
SijSij , (3.19)
and CS is the Smagorinsky coefficient.
LES shows promising results because the modeling errors are confined to the sub-grid
scale. This requires fine temporal and spatial resolution to the numerical model. In fact
the requirement for LES is only an order of magnitude less than that for DNS.
3.1.3 Delayed Detached Eddy Simulation
The concept that treats the turbulence model as the Reynolds-averaged Navier-Stokes
Equations model within the thin boundary layer and as the large eddy simulation model
where the massive separation occurs was proposed by Spalart et al. (1992). This idea
was aimed at prediction of separated flows at unlimited Reynolds number (Travin et al.,
1999) at a manageable computational cost. However, this attracting turbulence model
might encounter modeled-stress depleting (MSD), which leads to “grid-induced sepa-
ration” (Spalart et al., 2006) if the size of the near wall grid is refined to a degree such
that the turbulence model switches from RANS to LES contents, but the grid is not re-
fined enough to satisfy the requirement of LES. By introducing a shielding function into
the length scale, the kinematic eddy viscosity can be properly processed in the trans-
actional domain. A modification (Spalart et al., 2006) was made to ensure that RANS
function is maintained in the thin boundary layers. The modification was applied to the
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approximation for the length scale, lDDES :
lDDES = lRANS − fd max(lRANS − lLES , 0),
lRANS =
√
k
ω
,
lLES = CDES∆,
∆ = fdV
1/3 + (1− fd)hmax,
CDES = 0.12,
νT = l
2
DDESω,
(3.20)
where k is the turbulent kinetic energy, ω is the specific rate of dissipation, V is the
cell volume, hmax = max(dx, dy, dz) is the maximum cell spacing, and fd is the DDES
shielding function, which has the form in the following equations:
fd = 1− tanh
[
(8rd)
3
]
,
rd =
k/ω + ν
κ2d2w
√
Ui,jUi,j
,
(3.21)
where ν is the kinematic viscosity, κ is the von Kármán constant, dw is the wall distance,
and Ui,j is the velocity gradient tensor. When fd = 0, the length scale will be modeled
as RANS. When fd = 1 and lLES < lRANS , the length scale will be treated as LES.
3.2 OpenFOAM
OpenFOAM (Open-source Field Operation And Manipulation) is an open-source soft-
ware for CFD application. The foundation of OpenFOAM is written in c++ with an
object-oriented programming paradigm, which makes it possible for users to write codes
at a high level resembling as closely as possible to the standard vector and tensor no-
tation (Weller et al., 1998). Classical fluid mechanics is local, causal, and reversible, so
it is suitable for modern computer to simulate (Feynman, 1982). In order to utilize the
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power of computers, a discrete approximation of the governing equations (Partial Dif-
ferential Equations) must be constructed. Finite volume method (FVM) is one of the
two predominate solution techniques (the other is the finite element method) in solving
fluid-flow problems (Weller et al., 1998). In FVM, the fluid domain is divided into a set
of control volumes which fill the fluid domain without any overlap. Next, Eqs. (3.1)
and (3.2) are integrated over each control volume. By adopting Gauss’s theorem, the
divergence terms can be converted into surface integrals at the faces of each control vol-
ume. Then, the surface integrals are evaluated using a Gaussian quadrature rule. This
will convert Eqs. (3.1) and (3.2) into a set of ordinary differential equations containing
temporal derivatives, which can be further discretized into a set of algebraic equations
using finite difference approximations for the time derivatives with the following for-
mat:
Mψ = y, (3.22)
where M is a sparse block matrix, ψ represents a vector of unknowns, and y denotes
a vector of the source of the system (boundary conditions). Finally, those linear sets
of algebraic equations will be iteratively solved using linear solvers (e.g., generalised
geometric-algebraic multi-grid solver and preconditioned conjugate gradient solver).
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Chapter 4
NUMERICAL MODEL SETUP AND
VALIDATION
Existing literatures suggest that the existence of axial flow (Matsumoto et al., 2010) and
the emergence of critical Reynolds number (Macdonald and Larose, 2006; Cheng et al.,
2008b) could be the possible contributing factors to dry inclined cable galloping. In
the current study, the characteristics and role of axial flow are not only examined by a
direct simulation on flow around an inclined circular cylinder, but also by an indirect
simulation via a perforated wake splitter plate. Therefore, two numerical models are
constructed and will be discussed in Section 4.1 and Section 4.2. To study the effect of
Reynolds number, four different wind velocities are considered in the direct simulation.
Then, these models are validated in Section 4.1.3 and Section 4.2.2.
4.1 Flow around an Inclined Circular Cylinder
4.1.1 Computational Domain
The computational grid has a cylindrical geometry (also known as the O-type grid). The
circular cylinder is located at the center of the computational domain whose diameter
is 40 times the diameter of the circular cylinder. Figure. 4.1 shows the definition of the
coordinates, the computational domain, and the angle of attack. The reference normal
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FIGURE 4.1: Definition of the coordinates, computational
domain, and the angle of attack
case has an angle of attack α = 0◦. In the current study, the global coordinates are
defined as follows: the x-axis represents the direction of the stream-wise for the case
α = 0◦ and it will not change its direction for the other cases; the z-axis is parallel to
the axis of the circular cylinder; the y-axis is perpendicular to the x-axis and the z-axis.
Besides the global coordinate system (x,y,z), a local coordinate system (x′,y′,z′) is also
defined. The x′-axis represents the stream-wise direction. For example, the x′-axis is
parallel to the x-axis when α = 0◦, and the y′-axis is always parallel to the y-axis, and the
z′-axis is perpendicular to the x′y′ plane. The size of the computational domain is based
on our previous experience (Wang et al., 2017a; Wang et al., 2017b) with simulations
of flow around a circular cylinder, as well as the numerical simulations of similar bluff
body flows using OpenFOAM (Zhang et al., 2016; Lysenko et al., 2014; Breuer, 2000).
In addition, an illustration of the inclined circular cylinder and computation domain is
given in Fig. 4.2.
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FIGURE 4.2: Mesh details near the circular cylinder and the
definition of the coordinate system, the inclination angle, and
the orientation of the incoming wind
4.1.2 Boundary Condition
To study the effect of angle of attack when flow past a circular cylinder, the following
boundary conditions were applied in the current study:
• At the inflow boundary, the flow has a uniform distribution with the turbulence
intensity (∼ 1%). A sensitivity study showed that a moderate turbulence intensity
(< 2%) at the inlet would only marginally influence the flow properties when the
computation domain is adequately large. This is consistent with the observation
of a synthetic turbulent study (Mare et al., 2006).
• At the outflow boundary, a Neumann boundary condition was imposed for the
velocities (∂u/∂x = ∂v/∂y = ∂w/∂z = 0) and the pressure was assumed to be
zero (p = 0). This would avoid the flow reflection at the outlet.
• On the surface of the circular cylinder, a Dirichlet boundary condition for veloci-
ties (u = v = z = 0) and a zero-gradient condition (perpendicular to the surface of
the circular cylinder) for the pressure were utilized (Zhang et al., 2017) . To avoid
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the extremely fine mesh near the surface of the circular cylinder, the turbulent
kinematic viscosity was predicted using the Spalding law (Spalding, 1961).
• On the span-wise “wall”, the periodic boundary conditions were applied.
To avoid the unrealistic topology associated with the application of the periodic bound-
ary conditions, the size of the simulation domain must be large enough to prevent peri-
odic artifacts. Several investigations (Travin et al., 1999; Breuer, 2000; Kravchenko and
Moin, 2000; Zhang et al., 2016) of the span-wise length and resolution effects have been
conducted in the past for the normal incident angle case. It was found that a span-wise
direction length of piD and 48 layers in the span-wise could sufficiently predict the aero-
dynamic forces and the mean wake properties. However, the available reports are rela-
tively scarce when the flow has a velocity component parallel to the axis of the cylinder.
Yeo and Jones (2008) studied three different span-wise aspect ratios (L/D = 10, 20, and
30) with periodic boundary conditions. The vortex structures were found to be similar
in these three cases; however, the 30D length cylinder showed less periodicity in terms
of force coefficients. A recent DNS study at Re = 1000 by Zhao et al. (2011), using a
span-wise length of 19.2D, found that the results converged at a span-wise resolution of
0.1D. In this thesis, a sensitivity study on the effect of the length of the circular cylinder
using the periodic boundary conditions was presented in Appendix C. The results sug-
gest that the length of the computational domain in the span-wise direction should be
at least 20D to avoid side effects of using periodic boundary condition in exploring the
spatial-temporal distribution of sectional lift force coefficient. Therefore, we adopted
a span-wise length of 20D to all the cases except for a case of Re = 105. The reason
will be given in Section 4.1.3.1. All the simulation used a constant time-step that guar-
anteed a local Courant number smaller than 1. A non-dimensional time is defined as:
t∗ ≡ tU∞/D, where t is the dimensional time, U∞ is the free-stream velocity, and D is
the diameter of the circular cylinder.
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4.1.3 Model Validation
4.1.3.1 Flow over a Circular Cylinder
In the present study, the drag coefficient (CD) and the lift coefficient (CL) are defined as
follows:
CD ≡ 2FD
ρU2∞DL
, (4.1)
CL ≡ 2FL
ρU2∞DL
, (4.2)
where FD and FL are respectively the total force per unit length in the positive x-
direction and the positive y-direction, ρ is the density of the fluid, U∞ is the incoming
flow velocity, D is the diameter of the circular cylinder, and L is the cylinder length
in the span-wise direction. A non-dimensional time is defined as t∗ ≡ tU∞/D and it
will be utilized in the remaining discussion. The time averaged CD is sampled over a
non-dimensional time period T ∗ = 60 after T ∗ = 30 (transitional period) to ensure the
statistical convergence. Detailed convergence study is present in Table B.1. The non-
dimensional form of the vortex shedding frequency (fs) is defined as follows:
St ≡ fsD
U∞
. (4.3)
The frequency of vortex shedding fs is calculated from time history of CL by Fast
Fourier transform using MATLAB.
A summary of the cases performed is listed in Table 4.1, along with the data reported in
literature. Two different flow régimes were covered, i.e., the sub-critical and the critical
Reynolds number ranges. Based on the calculated mean drag coefficient, the cases are
denoted by LS (laminar separation) in the sub-critical régime and TS (turbulent sepa-
ration) in the critical régime followed by the case number in Table 4.1. The choice of
the grid was based on the DES study (Travin et al., 1999) for the similar scenario, i.e.,
flow around a circular cylinder. For each case, the associated parameters are listed in
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Table 4.1 in terms of the Reynolds number (Re), the non-dimensional length of the com-
putational domain in the span-wise direction (Lz/D), the mean drag coefficient (CD),
the Strouhal number (St), the number of cells in the three directions (it is described in
the polar coordinates for the convenience), Nr, Nθ, and Nz , where Nr , Nθ, and Nz are
the number of cells along the radius direction, the circumferential direction, and the
span-wise direction, respectively. To ensure the mesh orthogonality, a standard O-grid
was applied for all cases. The cells were at a constant space in the circumferential and
span-wise direction, while stretching was applied in the wall-normal direction. The
3D grid was obtained by extruding the 2D grid. For the cases at high Reynolds num-
bers (1.4× 104, 1.4× 105, and 2.8× 105), delayed detached eddy turbulence model was
adopted. For the case Re = 3900, a large eddy simulation using the one equation eddy-
viscosity model (Yoshizawa, 1986) was conducted.
The purposes of generating these cases in Table 4.1 are as follows.
• The cases LS2, LS3, and LS4 aimed to investigate the effect of the length of the
computational domain. They shared the same 2D grid but differed in the number
of the layers in the span-wise direction. The distance between the adjacent layers
in these cases was set to a constant number, 0.06D, which created three computa-
tional domains with 10D, 20D, and 30D in the span-wise direction.
• The cases TS1, TS2, and TS3 aimed to investigate the effect of the grid resolution in
span-wise direction. The computational domain was 20D and the 2D grid of these
cases was the same as the case LS1, but the distance between the two adjacent
layers in the span-wise direction varied from 0.05D to 0.1D.
• The cases LS1, TS2, and TS4 used the exact same computational domain. The only
difference between these three cases was the velocity at the inlet, which created
three different Reynolds numbers ranging from the sub-critical to critical Reynolds
number régime.
• The cases LS3 and TS2 aimed to investigate the effect of the two dimensional gird.
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TABLE 4.1: Normal case validation compared with the liter-
ature data
Case Re Lz/D Nr Nθ Nz CD St
LS0 1.0E+5 3.14 200 100 48 1.00 0.21
LS1 1.4E+4 20 120 120 300 1.10 0.21
LS2 1.4E+5 10 380 192 150 1.09 0.19
LS3 1.4E+5 20 380 192 300 1.10 0.20
LS4 1.4E+5 30 380 192 450 1.11 0.19
LS5 3900 20 380 192 300 0.86 0.21
TS1 1.4E+5 20 120 120 200 0.71 0.26
TS2 1.4E+5 20 120 120 300 0.72 0.26
TS3 1.4E+5 20 120 120 400 0.73 0.25
TS4 2.8E+5 20 120 120 300 0.55 0.26
Cheng et al. (2017) 1.0E+4 3 384 384 96 1.08 -
Travin et al. (1999) 1.4E+5 - - - - [0.57 1.08] [0.21 0.31]
Roshko (1954) [880 1.5E+4] - - - - - ∼ 0.20
Wieselsberger (1921) 1.4E+4 - - - - 1.1 -
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It can be seen from Table 4.1 that the Strouhal numbers (0.19 ∼ 0.21) from the current
study at the sub-critical Reynolds number agrees well with the experimental work by
Roshko (1954) (St = 0.20). The mean drag coefficients (CD ∼ [1.00 ∼ 1.10]) in the
sub-critical Reynolds number agree fairly with a DES from Travin et al. (1999) (CD =
[0.57 1.08], Re = 1.4 × 105), a recent large eddy simulation by Cheng et al. (2017)
(CD = 1.08, Re = 1 × 104), and an experimental data obtained by Wieselsberger (1921)
(CD = 1.1, Re = 1.4 × 104). It is commonly known that the drag coefficient remains a
constant number (∼ 1.0) within the sub-critical Reynolds number, thus the developed
numerical model of the normal flow case was validated.
It can also be observed in Table 4.1 that the averaged mean drag coefficient obtained
from the cases (TS1, TS2, and TS3) is 0.72. Considering the Reynolds number, it can be
inferred that the boundary layer is under transition from laminar to turbulent. An in-
creasing of the Strouhal number (2.6×105) in the critical Reynolds number also confirms
this transition. However, at the same Reynolds number, the mean drag coefficient of the
cases (LS2, LS3, and LS4) is 1.10, which indicates the boundary layer is still in a laminar
mode. The only difference between these two sets of model is the grid. In building the
geometry of the surface of the circular cylinder, the number of cells along the surface
of the circular cylinder is 380 and 120 for the laminar cases (LS2, LS3, and LS4) and the
turbulent cases (TS1, TS2, and TS3), respectively. This could possibly be explained by
the roundness of the circular cylinder. A circular cylinder was numerically modeled as a
polygon. A larger number of cell of the circular cylinder indicates that the model is more
close to a perfect circular cylinder, which means that the boundary layer of the model
with less cells (TS1, TS2, and TS3) is under transition from laminar to turbulent, whereas
the model with more cells (LS2, LS3, and LS4) is still in the laminar mode. However, it
should be pointed out that the difference between the drag coefficient could stem from
other sources such as discretization schemes and the turbulence model, but it is beyond
the scope of the current thesis.
At the early phase of this study, the computational domain (see Table 4.1 case LS0) in
the span-wise direction was confined to a short distance (piD along the cylinder axis)
30
TABLE 4.2: Grid configuration for the normal flow case and
the sensitivity study of the α = 60◦ case
Case Re Lz/D Nr Nθ Nz CD St C
′
L
coarse 1.4E+4 20 120 120 200 0.25 0.10 0.03
α = 60◦ medium 1.4E+4 20 120 120 300 0.26 0.10 0.03
fine 1.4E+4 20 120 120 400 0.26 0.10 0.03
due to the limited computational resource. Although the mean statistics of the force
coefficient validated the developed numerical model, the later investigation suggests
that the span-wise length could have a considerable impact on the sectional lift force
coefficient. Thus, in the following sections, discussions associated with the sectional lift
force coefficient will be excluded.
4.1.3.2 Flow over an Inclined Circular Cylinder
Compared to the normal flow case, a noticeable difference in the inclined circular cylin-
der case is that the flow has a velocity component in the span-wise direction. Therefore,
a span-wise sensitivity study was conducted to ensure that the numerical results based
on the selected grid resolution would be independent of further refinement of the grid
in the span-wise direction. The span-wise grid sensitivity study was performed at a
Reynolds number 1.4 × 104 for the extreme case, i.e., an angle of attack α = 60◦. The
computational domain has a span-wise length of 20D. Three grids, Nz = 200, 300, and
400 in the span-wise direction, were tested. It is clear from Table 4.2 that further re-
finement of the grid in the span-wise direction will hardly affect the simulation results.
In other words, the validated medium grid was capable to accurately predict the aero-
dynamic forces when the incoming flow was oblique to the axis of a circular cylinder.
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4.2 Effect of Axial Flow via a Perforated Wake Splitter Plate
4.2.1 Computational Domain
To study the role of axial flow, an indirect method will be used in this section to simulate
the effect of axial flow in interrupting the interaction between the two separated shear
layers via a perforated splitter plate in the near wake of the cylinder. Four perforation
ratios are investigated. The pattern of the perforated splitter plate will be studied.
The coordinate system, the definition of the angle θ, which represents the angular po-
sition of an arbitrary point on the cylinder surface with respect to the stagnation point,
and the span-wise length are shown in Fig. 4.3 (a). Figure 4.3 (b) illustrates a schematic
view of the computational domain of a classic case of flow past a circular cylinder. The
diameter of the studied circular cylinder is D = 0.0889 m. The center of the cylinder
coincides with the origin of the computational domain. From the origin, the compu-
tational domain extends 10D towards the inlet and 20D towards the outlet, and from
−10D to 10D in the cross-flow direction. The span-wise extension Lz is chosen to be
piD/2, which is found to be more efficient while maintaining an acceptable accuracy
based on the mesh independence test. ANSYS/ICEM is used to generate a block struc-
tured rectangular computational domain, as shown in Fig. 4.3 (b). The height of the
first cell on the cylinder is 9.57 × 10−4D, which guarantees y+ is smaller than 1. The
no-slip condition is imposed on the surface of the cylinder and the plate. The span-wise
resolution ∆z is 0.05D with 32 nodes along the z-axis. 392 nodes are employed on the
cylinder surface along the circumference for the no wake splitter plate case.
The total number of control volumes for the solid plate case is 5.57 × 106. A non-
dimensional time step ∆z of 7.4×10−4 is used, where ∆ = Ut/D. A Dirichlet boundary
condition for velocity (u = 0.658 m/s; v = 0;w = 0) and a Neumann boundary condi-
tion for zero gradient pressure are prescribed at the inlet. A Dirichlet boundary condi-
tion for zero pressure is applied at the outlet. A cyclic boundary condition is employed
on the span-wise walls.
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When introducing a piece of splitter plate along the central line of the circular cylin-
der wake, not only the perforation ratio, but also the size and the position of the plate
could have a sizable impact on the cylinder wake structure. Roshko (1954) found that
a splitter plate of length 5D (D is the cylinder diameter) inhibited the periodic forma-
tion of the von Kármán vortices, whereas it was not the case if the plate length was
shortened to 1.14D. Besides, Cardell (1993) investigated the influence of the gap size
between the splitter plate and the cylinder on the flow properties around the cylinder.
Results showed that if the gap was less than 0.13D, the presence of the splitter plate
would not have an appreciable effect on the cylinder mean base pressure and the von
Kármán vortex shedding frequency. Based on these, to explore how the variation of the
von Kármán vortex shedding strength would affect the flow structure around a circular
cylinder, in the current numerical study, a wake splitter plate of length D and thick-
ness D/20 was placed along the central line of the cylinder wake with a gap of 0.11D
between the cylinder and the plate.
Figure 4.4 shows a 3D view of the detailed mesh near the cylinder and the solid wake
splitter plate. For the perforated plate, the perforation ratio is defined as the ratio be-
tween the opening length and the total length of the splitter plate along the flow direc-
tion. A total of four perforation ratio levels, i.e. 0, 1/3, 2/3, and 1, are simulated in the
current study, of which a perforation ratio of 0 represents the solid splitter plate case,
whereas 1 represents the no splitter plate case. The mesh details of the perforation ratio
cases of 1/3 and 2/3 are given in Fig. 4.5 (a) and (b), respectively.
Regarding the mesh generation scheme in the perforated splitter plate cases, the O-
shape meshes were first introduced in the near region of the cylinder. Then, based
on the studied perforation ratio, the block near the splitter plate region was further
divided into 7 and 16 sub-blocks, with the quadrilateral meshes generated in each sub-
block. Finally, the three-dimensional meshes were generated by extending the two-
dimensional plane along the span-wise direction.
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FIGURE 4.3: Computational domain and detailed mesh for
flow past a circular cylinder: (a) Computational domain (b)
Detailed grid in the near region of the circular cylinder
FIGURE 4.4: Detailed mesh near the cylinder and the solid
splitter plate (perforation ratio of 0)
FIGURE 4.5: Mesh details of the perforated wake splitter
plate cases:(a) Perforation ratio of 1/3 (b) Perforation ratio
of 2/3
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4.2.2 Model Validation
The validity of the developed numerical model was examined using the no splitter plate
case at a Reynolds number of 3900. Two different meshes, Mesh 1 and Mesh 2 were used
for the model validation test. They had the same 2-dimensional grid, but the number
of nodes in the span-wise direction was taken as 16 and 32, respectively. The span-wise
resolution, i.e. the distance between the two adjacent span-wise nodes, was kept the
same at piD/64. The drag coefficient and the Strouhal number of the circular cylinder
obtained from these two meshes are listed in Table 4.3, along with the data reported
in literature (Breuer, 1998; Kravchenko and Moin, 2000; Tremblay et al., 2002; Prsic et
al., 2012). Ns and Ncv represent respectively the number of vortex shedding and the
total number of control volume. It can be seen from Table 4.3 that the Strouhal number
obtained from the current numerical models, both Mesh 1 and Mesh 2, agree very well
with those in the literature. In terms of the drag coefficient, though the results yielded
from both meshes fall within the range documented in the existing studies, the relatively
higher drag coefficient obtained from Mesh 1 suggests that the span-wise length used
in Mesh 1 could be insufficient. By doubling the span-wise length in Mesh 2, the drag
coefficient drops from 1.32 to 1.20 by 10% and has a better agreement with the literature
data. Therefore, Mesh 2 is used in Section 6, of which the role of axial flow is studied
indirectly via the perforated splitter plate.
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TABLE 4.3: Model validation for the normal flow case with-
out a perforated splitter plate installed in the near wake re-
gion
Mesh Method Ns Ncv (million) Cd St
Mesh 1 LES 10 2.3 1.32 0.22
Mesh 2 LES 10 5.5 1.20 0.21
Lourenco (1994) PIV - - 0.99 0.22
Breuer (1998) LES 22 [0.87 1.74] [0.97 1.49] [0.21 0.22]
Kravchenko and Moin (2000) LES 7 [0.5 2.4] [1.04 1.36] [0.19 0.21]
Tremblay et al. (2002) LES - - [1.14 1.31] [0.21 0.22]
Prsic et al. (2012) LES 60 [5 11] [1.10 1.24] 0.21
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Chapter 5
EFFECT OF CYLINDER
ORIENTATION
A direct study on characteristics of the axial flow is conducted in this chapter. The effect
of cylinder orientation on the surrounding flow structure will be presented first. Then,
the aerodynamic forces acting on an inclined circular cylinder will be studied. The case
at a Reynolds number of Re = 1.4× 104 focuses on the spatial-temporal distribution of
cross-flow force, whereas the case at a Reynolds number of Re = 1.0 × 105 focuses on
the visualization of the axial flow.
5.1 Re = 1.4× 104
In this section, flow around an inclined circular cylinder at attack angles of α = 0◦, 30◦,
45◦, and 60◦ is numerically studied using the delayed detached eddy simulation (DDES)
at a Reynolds number 1.4× 104. The focus is to explore the effect of attack angle on the
surrounding flow structure and the spatial distribution of the cross-flow forces.
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5.1.1 Surrounding Flow Structure
5.1.1.1 Vortex structure: Q
The Q-criterion (Hunt et al., 1988) is commonly used to investigate the vortex structure.
In this criterion, the velocity gradient ∇ · v is decomposed into: ∇ · v = S + Ω, where
S = 12 [∇ · v + (∇ · v)T] is the rate-of-strain tensor, and Ω = 12 [∇ · v− (∇ · v)T] is the the
vorticity tensor. Then, The definition of Q is given as the equation: Q = 12(|Ω|2 − |S|2).
Figure 5.1 portrays the vortex structure using the iso-surface contour of Q = 0.01 s−2.
At the present Reynolds number of 1.4 × 104, the wake is highly turbulent and three-
dimensional. Both the primary vortical structures and the secondary vortical structures
are illustrated in this figure, showing a wide range of orientations and scales. The wake
structure agrees with the result from Yeo and Jones (2008) using the cyclic boundary
condition. The rolling-up of the detached shear layers generates the primary vortical
structures at each side of the circular cylinder. This process can be clearly identified for
the attack angle smaller than 45◦. When α = 0◦, these primary vortical structures form
curved tubes along the span-wise direction. When α = 30◦, these tubes become more
straight and align with the axis of the circular cylinder with a tilted angle shown in Fig.
5.1 (b). As the cylinder inclination angle increases to 45◦, the primary vortical structures
are interrupted by the secondary vortical structures as denoted by the arrows A1 and A2
in Fig. 5.1 (c). For the case of 60◦, the formation of the primary vortex is almost invisible.
This agrees with the visualization by Ramberg (Ramberg, 1983), which reported that in
the wake behind an inclined circular cylinder at large inclined angle, the von Kármán
vortex type of shedding was replaced by a steady trailing vortex pattern. The transition
from Fig. 5.1 (a) to (d) suggests that strong vortex shedding exists when the attack angle
is relatively small (α < 30◦). It disappears at larger inclined angle (α = 60◦) after a
transition region of 30◦ < α < 60◦.
5.1.1.2 Vorticity
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FIGURE 5.1: Iso-surface of Q = 0.01s−2 color by ωz, rep-
resenting the near wake vortex structure of the flow over a
circular cylinder at Re = 1.4 × 104 with the angle of attacks:
(a) α = 0◦, (b) α = 30◦, (c) α = 45◦, and (d) α = 60◦
α = 0◦ At the studied Reynolds number of 1.4×104, the wake shows strong turbulence
and three-dimensionality. An illustration of the wake is given by the axial vorticity, ωz ,
projected onto the xy plane in Figs. 5.2 and 5.3, respectively. This component of the
vorticity could clearly illustrate the formation of the shear layers that detach from both
sides of the circular cylinder, as well as the formation of the roll-up process generating
von Kármán vortices. We study two representative periods during one shedding period
whose starting time is denoted by t∗a = 266 and t∗b = 343, respectively. Followed by t
∗
a
and t∗b , three consecutive time instances (t
∗
a/b+1, t
∗
a/b+2, and t
∗
a/b+3) are chosen to analyze
the fluid structure in more detail. The non-dimensional time period (T ∗ = 1.2) between
these consecutive time instances is around one fourth of one shedding period. To illus-
trate the three-dimensional effects, four span-wise locations are chosen: (a) z/D = 16,
(b) z/D = 12, (c) z/D = 8, and (d) z/D = 4 in both Fig. 5.2 and Fig. 5.3. Strong
three-dimensional effects can be seen from two aspects. First of all, there is a phase lag
between the shedding along the cylinder span. For example, in Fig. 5.2, at time t∗a+1,
the upper part of the shear layer (at z/D = 12) is rolling up to form the prime vortex,
whereas the lower shear layer (at z/D = 16) is also rolling up. Secondly, the shear
layer manifests a strong intermittent nature. Only two discontinued shear layers were
observed at t∗a and t∗a+1 (at location z/D = 8) in Fig. 5.2 (c). However, the form of the
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vortex shedding changes dramatically when the shear layers manifests instability in a
wider range over the span as can be seen in Fig. 5.3. Compared to the vortex shedding
with a stable shear layer, the rolling-up process of the unstable shear layer is speeded up
which reduces the length of the shear layer. These lead to the prime vortex formation
region to be closer to the circular cylinder, and would consequently amplify the overall
span-wise averaged CL.
FIGURE 5.2: Snapshots of instantaneous of axial vorticity, ωz,
for α = 0◦ at four locations: (a) z/D = 16, (b) z/D = 12, (c)
z/D = 8, and (d) z/D = 4 starting from t∗a = 266
α > 0◦ To better illustrate the wake behind the inclined circular cylinder, the time av-
eraged vertical vorticity, ω′zD/U∞, is projected on the x′y′ plane and shown in Fig. 5.4.
In the current study, the direction of the vertical vorticity is perpendicular to the stream-
wise direction (not the x-axis), because the stream-wise direction is not parallel to the
x-axis when α > 0◦, as shown in Fig. 4.1. This component of the vorticity, ω′z , comple-
ments the Q iso-surfaces by enabling visualization of the detached shear layers in the
stream-wise direction. When the flow is detached from the circular cylinder, the shear
layers are generated. The contour of the time averaged dimensionless vertical vorticity,
ω′zD/U∞, shows that the shear layers are bended in the area (marked by the arrows in
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FIGURE 5.3: Snapshots of instantaneous of axial vorticity, ωz,
for α = 0◦ at four locations: (a) z/D = 16, (b) z/D = 12, (c)
z/D = 8, and (d) z/D = 4 starting from t∗b = 343
Fig. 5.4) where the rolling-up processes take place. When the attack angle increases, the
shear layer becomes less curved, as can be observed in Fig. 5.4. This suggests that the
shear layer would become more stable as the attack angle increases, which would result
in the mitigation of vortex shedding. This is consistent with the observation from the Q
iso-surfaces in Fig. 5.1 (d).
FIGURE 5.4: The time averaged vertical vorticity, ωz′D/U∞,
projected on the x′y′ plane (z′ = 10D): (a) α = 30◦, (b) α = 45◦,
and (c) α = 60◦
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5.1.1.3 Spectra of cross-flow velocity
Figure 5.5 shows the power spectra of the cross-flow velocity in the vicinity of the shear
layer for four attack angles. The position (x/D = 0.70, y/D = 0.66, and z/D = 10.01)
of the probe to obtain the velocity history is shown in the center of Fig. 5.5. In order to
reduce the spectral leakage, a hamming window is applied to the velocity data. Normal-
ization with the free-stream velocity (U∞) and the cylinder diameter (D) is used for the
frequency and the spectral energy. The von Kármán frequency (fK) of the normal flow
case can be clearly observed in Fig. 5.5 (a). Apart from the primary frequency, the ve-
locity spectra also shows a broadband peak in the normal flow case, which corresponds
to the shear layer frequency (fSL). The ratio between the two frequencies (fSL/fK) is
estimated to be 6.5, which is underestimated by 50% to a power rule (∼ Re0.5) suggested
by Bloor (Bloor, 1964). There are only a limited number of numerical studies available
in the literature. For example, Dong et al. (2006) obtained two ratios, fSL/fK , at a
Reynolds number of 104, which are 7.83 and 15.83, respectively. Jordan (2002) collected
a frequency ratio of 9.4 at a Reynolds number of 8000. The large deviation from the ex-
perimental data could be attributed to the end condition and the turbulence intensity. It
is worth noting that the length of the circular cylinder is 20D, which could also be a crit-
ical factor to the deviation from other numerical results. As the attack angle increases,
the von Kármán frequency becomes broader and disappears at an attack angle 60◦. The
shear layer frequency also becomes undetectable when α > 45◦. This indicates that the
shear layers become more stable as the attack angle increases, which is consistent with
the observation in Figs. 5.1 and 5.4.
5.1.1.4 Recirculation zone
To better study the flow structure around an inclined circular cylinder, the variation
of the time-averaged stream-wise velocity, U/U∞, and the normalized stream-wise ve-
locity, U/(U∞cosα), along the wake centerline are plotted in Fig. 5.6, where U∞ is the
free-stream velocity and U is the time-averaged stream-wise velocity. For the inclined
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FIGURE 5.5: Spectra Evv obtained from the time history
(245 < t∗ < 350) of the cross-flow velocity in the vicinity of
the shear layer for four attack angles: (a) α = 0◦, (b) α = 30◦,
(c) α = 45◦, and (d) α = 60◦
FIGURE 5.6: Time-averaged streamwise velocity along the
wake centerline for an inclined circular cylinder at Re =
1.4×104: (a) normalized by the stream-wise velocity; (b) nor-
malized by the normal component of the incoming velocity
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cases, the stream-wise direction is defined to be perpendicular to the cylinder axis rather
than along the free-stream velocity direction. The recirculation length, which is the dis-
tance between the cylinder base point and the location where the stream-wise velocity
along the wake centerline changes from negative to positive, is found to be 1.2D when
the angle of attack is α = 0◦, but increases to 1.6D when the angles of attack are α = 30◦,
α = 45◦, and α = 60◦. An interesting finding is that the recirculation length almost re-
mains the same when α ≥ 30◦. To further illustrate the feature of the recirculation zone,
it is visualized by the 2D view of streamtrace computed from the time-averaged veloc-
ity field. Figures 5.7 (a), (c), (e), and (g) depict velocity field in the xy-plane (z/D = 10).
The shortest recirculation length is observed in the normal flow case in Fig. 5.7 (a),
as expected. In addition, a small bubble after the separation point is captured in the
current numerical simulation, whereas no bubble is found for the inclined cases. Sim-
ilar to the observation in Fig. 5.6 (a), the size of the recirculation zone for the inclined
cases is almost the same, as can be seen in Figs. 5.7 (c), (e), and (g). In the wake re-
gion (x/D > 4), the variation of the time-averaged stream-wise velocity in the normal
flow case is smaller than the inclined cases. Further, it is observed from Fig. 5.6 (b) that
the maximum reverse velocity in the recirculation zone occurs for the normal flow case
(α = 0◦). Its magnitude slightly increases and its location moves farther away from the
base point as the cylinder inclines more against the incoming flow direction. With the
increase of cylinder orientation, stronger axial flow would form, which would entrain
more flow from the recirculation zone to move along the span-wise direction. These
imply that the cylinder orientation would have a considerable impact on the size and
strength of the recirculation zone in its near wake.
5.1.1.5 Streamtrace
Figure 5.7 illustrates the 2D view of streamtrace around a circular cylinder at the four
studied attack angles: α = 0◦, 30◦, 45◦, and 60◦ in the xy- and the xz-planes. A 2D view
of streamtrace distribution in the xz-plane depicts the flow structure in the span-wise
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FIGURE 5.7: 2D view of streamtrace of the flow around cir-
cular cylinder with length of 20D: (a) & (b) α = 0◦, (c) & (d)
α = 30◦, (e) & (f) α = 45◦ , and (g) & (h) α = 60◦
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direction, as shown in Figs. 5.7 (b), (d), (f), and (h). Because of the existence of the circu-
lar cylinder, the streamtrace shows a significant difference within the near wake region
where the flow not only moves backward to the circular cylinder but also moves along
the cylinder axis. As the attack angle increases, the pattern of the streamtrace shows
that the flow within the recirculation zone tends to line up to become in parallel with
the axis of the circular cylinder. This part of flow is often referred as the “axial flow”
(Matsumoto et al., 2010). When α = 0◦, the recirculation zone can be clearly identified
by a boundary line (denoted by an arrow in Fig. 5.7 (b)) that separates two regions in
the leeward side of the cylinder. Because there is no axial flow when α = 0◦, the flow en-
tering the recirculation zone keeps recirculating until it is occasionally being convected
away by the flow. As the attack angle increases, the flow tends to attach to the leeward
side of the circular cylinder in the recirculation zone due to the velocity component
along the cylinder axis (z-axis). When α = 60◦, the streamtrace within the recirculation
zone becomes almost parallel to the axis of the cylinder, suggesting a strong formation
of the axial flow. This leads to more stable shear layers as discussed earlier in terms of
Q and the vertical vorticity.
5.1.2 Force Coefficients
The entire simulated time history of the span-wise averaged CL is depicted in Fig. 5.8.
Overall, the flow shows two distinctive periods. Within the first time period, the flow
moves toward the circular cylinder from the inlet, and the span-wise averaged CL act-
ing on the cylinder is close to zero. The flow then contacts with the circular cylinder, so
that the vortex shedding gradually builds up and the span-wise averaged CL starts to
manifest an oscillating pattern. In the current study, the first time period will be named
as the “Initial State” because we are interested in the flow properties when the flow
first contacts with the circular cylinder. For the flow past a straight circular cylinder,
the time duration (Gallardo et al., 2014) of the “Initial State” is estimated to be around a
non-dimensional time period of 100. In the current study, we adopted t∗ = 120 to denote
the termination of the “Initial State”. This time stamp (t∗ = 120) will also be applied to
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FIGURE 5.8: Time history of span-wise averaged CL for four
inclined angle cases at Re = 1.4× 104: (a) α = 0◦, (b) α = 30◦,
(c) α = 45◦, and (d) α = 60◦
designate the end of the “Initial State” for the other cases. We utilized the term, “Quasi-
periodic State”, to describe the flow period after the “Initial State”. A non-dimensional
time period of 251 will be used to analyze the lift and drag force coefficients. The char-
acteristics of CL will be scrutinized for α = 30◦, α = 45◦, and α = 60◦.
The time series data exhibits a low-frequency variation on a scale of ten vortex shedding
periods. This is particularly obvious for the normal flow case shown in Fig. 5.8 (a). The
same behavior has been captured in Henderson and Karniadakis’ numerical simulation
(Henderson and Karniadakis, 1995) and Roshko’s experimental work (Roshko, 1993).
This modulation behavior can also be seen when α > 0◦, but it is less obvious than
the normal flow case. A typical modulation event is denoted by a square box in Fig.
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5.8 (a). During the time period 245 < t∗ < 350, the magnitude of the maximum span-
wise averaged CL gradually increases. The cause of this modulation will be further
investigated via examining the vortical structures in the later section. An interesting
event is captured at α = 30◦, denoted by a square box in Fig. 5.8 (b) where the span-wise
averaged CL suddenly reduces to near zero during the time period of 320 < t∗ < 340.
In addition, at Re = 1000, Zhao et al. (2009) found a two-dimensional flow in the early
stage of the simulation where the force coefficients were very regular and had high
amplitudes, and the transition of the flow from 2D to 3D took about a non-dimensional
time duration of 65. However, in the current study, the flow does not show the 2D
feature. This is different from Zhao et al. (2009). It might be due to the reason of the
higher Reynolds number, Re = 1.4 × 104, used in the current study. In the following
sections, we will first discuss characteristics of CL prior to t∗ = 120 (denoted by a dash
line in Fig. 5.8).
5.1.2.1 Initial State
Figure 5.9 shows the contour of the sectional CL (left) and the span-wise averaged CL
time history (right) atRe = 1.4×104. The definition of the sectionalCL is given in Eq. 4.2
except that FL and L are the sectional force per unit length and the length of the section
over which CL is evaluated. Figures 5.9 (a), (c), (e), and (g) represent respectively the
evolution of the sectional CL along the entire span during the studied time frame at α =
0◦, 30◦, 45◦ and 60◦. The y-axis (z/D) represents the dimensionless span-wise location of
the sections in the contours. Figures 5.9 (b), (d), (f), and (h) depict the time history of the
span-wise averagedCL at α = 0◦, 30◦, 45◦ and 60◦, and the y-axis in those four sub-plots
represents the magnitude of the span-wise averaged CL. The dynamic pressure was
computed using the same incoming velocity for all angles of attack. Vortex formation
takes time to occur. In general, the amount of the required time is proportional to the
normal velocity component. The time to generate vortex shedding for the α = 0◦ and
α = 30◦ cases is approximately a non-dimensional time period of 20, whereas in α = 60◦
it is about a non-dimensional time period of 40.
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Vortex shedding is a localized event along the span-wise direction at the early stage of
the simulation except for the α = 60◦ case. The rectangular boxes (R1, R2, and R3)
in Figs. 5.9 (c), (e) and (g) highlight some of those localized events. Interestingly, for
α = 60◦, the initial shedding differs from the small α cases. Its maximum span-wise
averaged CL in its first peak, 0.15, is about twice that of the following peak values,
whereas in the other cases, the magnitudes of the initial maximum span-wise averaged
CL are almost equal (α = 0◦ and 45◦) or 30% smaller than the following peak values.
Figure 5.9 (b) shows an irregular pattern that the amplitude of the span-wise averaged
FIGURE 5.9: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient atRe = 1.4×104: (a) & (b) α = 0◦, (c) & (d) α = 30◦,
(e) & (f) α = 45◦ , and (g) & (h) α = 60◦
CL slowly increases from 0.18 at t∗ = 58 to 0.36 at t∗ = 97, and then gradually decreases
to 0.12 at t∗ = 118. This can be interpreted from the rectangular boxR0 in Fig. 5.9 (a) that
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the sections of the circular cylinder whose z-coordinates are within the range of 7.5D to
12.5D show a negative CL, whereas at the upper part of the cylinder, around 13D to
20D, the sectional lift displays a positive CL. It can also be observed from the contour
of the normal flow case that the magnitude of the sectional CL of the upper (z > 13D)
and the lower part (z < 5D) of the circular cylinder are larger than those in the middle
part (5D < z < 12D) during the time period t∗ = 80 to t∗ = 110. This can be attributed
to the early distortion in the transitional period, at t∗ around 25 to 40 in the middle part
of the circular cylinder. Compared to the normal flow case, the vortex shedding period
gradually stretches as the angle of attack increases (see Figs. 5.9 (b), (d), (f), and (h)).
Considering the Strouhal number remains roughly a constant at Re = 1.4 × 104, the
shedding period is inversely proportional to the component of the incoming velocity
that perpendicular to the cylinder axis. By comparing the α = 0◦ and α = 60◦ cases,
the shedding period of the latter, T ∗ = 10, almost doubles the former, T ∗ = 4.76. If the
Strouhal number is calculated from the normal flow component, the latter (Stn = 0.20)
will be almost the same as the former (St = 0.21). This confirms the validity of the IP
in predicting the vortex shedding frequency at Re = 1.4 × 104. The red/blue stripes in
Figs. 5.9 (c), (e), and (g) tends to tilt in the t− z domain. For example, in Fig. 5.9 (c), the
tilt angle, β1, is about 6.4◦. Most of the stripes can extend over the entire computational
domain along the span-wise direction, but some discontinuities exist as indicated by the
elliptical rings. The red/blue stripes continue to develop after t∗ > 100. When α = 45◦,
some discontinuities are observed as denoted in the elliptical rings (e.g., D2 and D3) in
Fig. 5.9 (e), but the red/blue stripes can still be observed clearly along the span-wise
direction. A typical tilted angle β2 is about 4.2◦. When the attack angle increases to 60◦,
the continuation of the red/blue stripes along the cylinder span vanishes, especially
after t∗ = 70. They can only extend a short length over the cylinder span. The tilted
angle β3 is about 10.6◦. The span-wise sectional CL contour complements the lift force
information obtained from the span-wise averaged CL. As can be seen from Figs. 5.9
(a), (c), (e), and (g), while disorganized vortex shedding are captured during the initial
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contact for α ≤ 45◦, an organized shedding occurs for α = 60◦ generating a peak span-
wise averaged CL of 0.15.
5.1.2.2 Quasi-periodic State
FIGURE 5.10: The detailed time history of CL within the
square boxes in Fig. 5.8 at Re = 1.4× 104: (a) & (b) α = 0◦, (c)
& (d) α = 30◦, (e) & (f) α = 45◦, and (g) & (h) α = 60◦
The detailed time history denoted by square boxes in Fig. 5.8 are illustrated in Fig. 5.10
from time t∗ = 245 within the entire simulated time history. The sectional CL contour
for the normal flow case in Fig. 5.10 (a) also shows the tilted red/blue stripes before
t∗ = 295. However, this pattern does not continue to evolve. After t∗ = 315, the stripes
are almost perpendicular to the streamwise direction along the x-axis. It can also be
observed that the maximum magnitude of the span-wise averaged CL increases at the
end of this time period (Fig. 5.10 (b)) from t∗a = 266 to t∗b = 343. Two factors contribute to
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the differences in the magnitude of the span-wise averagedCL between t∗a and t∗b . One is
the orientation of the sectional CL stripes. When evaluating the span-wise averaged CL
at a given time instant, the tilted stripe of the sectional CL means that the sectional CL
at the upper and lower parts of the cylinder has opposite sign and thus would partially
cancel out the span-wise averagedCL, as what occurs at t∗a = 266. The other is a stronger
intensity of sectional CL along the whole span at the time stamp t∗b = 343 compared to
that at the time stamp t∗a = 266, which is caused by the unstable shear layers as the early
discussion in Section 5.1.1.2.
Figures 5.10 (c) and (d) show CL of the case α = 30◦. Two distinctive time periods T ∗a
(245 < t∗ < 302) and T ∗b (305 < t
∗ < 317) can be found in Fig. 5.10 (d). During the time
period T ∗a , the span-wise averaged CL shows a periodic pattern. This pattern is termi-
nated at the time instant t∗c = 303. After t∗c , the magnitude of the span-wise averaged
CL decreases and becomes close to zero during the time period T ∗b . This seems to imply
that vortex shedding phenomenon disappears. However, by examining the contour of
the sectional CL in Fig. 5.10 (c), we find that the periodic fluctuation still exists except
lags in the span-wise direction during T ∗b . This can be distinguished from Fig. 5.10 (c)
that during time period T ∗b , the red/blue stripes are parallel to each other but tilted with
respect to the z-axis. However, the tilted red/blue stripes can be identified during the
entire studied time duration, so why the span-wise averaged CL behaves in a different
manner during T ∗a and T ∗b as shown in Fig. 5.10 (d)?
By analyzing Fig. 5.10 (c), we find that a larger value of sectional CL over a span-wise
length of approximately 10D gradually shifts from the lower part (z = 0 ∼ 10D) of
the circular cylinder to its upper part (z = 10 ∼ 20D) within the time period T ∗a , as
shown in the elliptical ring E1 in Fig. 5.10 (c). Yeo and Jones (2008) studied a yawed and
inclined circular cylinder at a Reynolds number 1.4× 105 using DES. According to their
definition of effective yawed angle and the streamline visualization, the attack angle is
estimated to be 20◦, which is close to the current simulation of the case α = 30◦. They
also reported a peak force coefficient of a finite length moved along the cylinder at a
fixed speed. Different from their results, this moving peak force coefficient shows less
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periodicity in the current study. There is only one moving force captured (denoted as
E1 in Fig. 5.10 (c)) during a non-dimensional time period of 100, whereas Yeo and Jones
(2008) captured around three moving peak force coefficients (similar to the elliptical ring
E1 in Fig. 5.10 (c)) during a non-dimensional time period of 100.
Another interesting flow pattern during time period, T ∗b , is an abrupt surge of span-
wise averaged CL at time instance t∗d = 327. This surge is found to be caused by the
variation in the magnitude of the sectional CL. This can be observed from the sectional
CL contour in Fig. 5.10 (c) that, at time around t∗ ≈ 327, the negative sectional CL is
relatively smaller than that in the previous vortex shedding event at the middle span
(z ≈ 8 ∼ 12D). Also, combining with the relatively large positive sectional CL at z ≈
17 ∼ 20D and z ≈ 0 ∼ 3D makes the abrupt change in the span-wise averaged CL at
t∗d = 327 in Fig. 5.10 (d). The tilted pattern of the sectional CL stripe seems to be an
intrinsic characteristic of the case α = 30◦. While all the other inclined cases show this
characteristic shortly after the flow contacts with the circular cylinder as shown in Figs.
5.9 (e) and (g), only case α = 30◦ perseveres the titled stripe pattern of sectional CL after
a longer period of time (T ∗ = 245). When the inclination angle of the cylinder is greater
than 30◦, the stripes of the sectional CL become perpendicular to the x-axis after a non-
dimensional time period of 245. However, it does not mean that the tilted pattern of the
red/blue stripes shown in the contour of CL completely disappears. The tilted pattern
still exists but only within a much shorter span-wise distance. These localized events are
denoted in elliptical rings in Figs. 5.10 (e) and (g). Two estimated tilted angles, β4 ≈ 28◦
and β5 ≈ 30◦, are shown in Figs. 5.10 (e) and (g). In the earlier discussion, these angles
(4.2◦ and 10.6◦ for α = 45◦ and α = 60◦, respectively) were also estimated at the early
stage of the simulation. This suggests that the tilted angle is enlarged locally by the
fully developed flow. The fact that the tilted pattern of the sectional CL for the inclined
cases becomes a localized event except for the case of α = 30◦ implies that when the
attack angle is relatively small, the propagation of vortex shedding tends to occur in a
sequence along the entire span, whereas when the attack angle is relatively large, the
propagation only occurs within limited span length.
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5.1.3 Independence Principle
5.1.3.1 Surface Pressure Distribution
Figure 5.11 illustrates the surface pressure distribution of the studied circular cylinder
when it is inclined at 0◦, 30◦, 45◦, and 60◦. The time-averaged pressure coefficient, Cp =
2(p−p0)/(ρU2) andCpn = 2(p−p0)/(ρU2n) are plotted along the circumferential direction
of the cylinder cross-section, where ρ is the fluid density, p is the time-averaged static
pressure on the cylinder surface computed over 60 seconds. p0 is the free-stream static
pressure, U is the free-stream velocity and Un is its normal component. They are used
respectively in Figs. 5.11 (a) and (b) to normalize the cylinder surface pressure. The
position angle θ is defined as the angle measured from the stagnation point. Earlier
discussions show that higher intensity axial flow would form in the cylinder near wake
at larger inclination angles, which, as reflected in Fig. 5.11, is the decreased suction on
the leeward side. Thus, with lower pressure on the windward side and lower suction
on the leeward side, the drag of a circular cylinder would become smaller if it inclines
more. The validity of the Independence Principle (IP), i.e., the physical quantities in an
inclined cylinder case is comparable to a normal cylinder case if they are normalized by
the normal component of the incoming flow velocity, has been discussed in numerous
existing studies (Lucor and Karniadakis, 2003; Zhao et al., 2009). However, most of
these investigations were conducted in the low Reynolds number range. For example,
when studying a 3D flow past a yawed circular cylinder at Re = 1000 for yaw angle
up to 60◦, it was found (Zhao et al., 2009) that IP was generally satisfied, but the error
of the mean drag increases to a maximum of 10% as the yaw angle approaches 60◦.
The current DDES is conducted at Re = 1.4 × 104. The results in Fig. 5.11 suggest
that at this relatively high Reynolds number, IP is valid for Cp in the region θ < 50◦,
where the flow is attached to the windward surface of the circular cylinder. Beyond
that, Cpn in the inclined cases deviates from the normal flow case. Interestingly, there is
a slight difference among Cpn for inclined cases, but a consistent difference about 20%
of the suction compared to the normal flow case when θ > 100◦. This observation is
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FIGURE 5.11: Time-averaged surface pressure coefficients
for an inclined circular cylinder at Re = 1.4 × 104: (a) nor-
malized by free-stream flow velocity; (b) normalized by the
normal component of free-stream flow velocity
different from a similar simulation at Re = 1000 where 10% pressure difference could
be observed using IP. It might be attributed to the Reynolds number effects, the way to
generate the angle of attack, and the span-wise length.
5.1.3.2 Mean Statistics
The Strouhal number, St, the time-averaged drag coefficient, CD, and their normalized
values Stn and CDn based on the normal component of the incoming velocity are given
in Table 7.1. For all the inclined cases, the normalized time-averaged drag predicted by
IP is around 10% smaller than the normal flow (CDn = 1.11). The Strouhal number is
found to be matched well with the predictions based on IP in the current simulations.
This finding at Re = 1.4 × 104 is similar to the numerical work by Zhao et al. (2009) at
Re = 1000 where the normalization of Stn remains valid even at α = 60◦. It should be
pointed out that the numerical results seem to consistently depart from the experimental
data especially for large inclined angles. For example, in the current study the ratio
between the Strouhal number at α = 0◦ and the normalized Strouhal number at α = 60◦,
St/Stn is 1.05; Zhao et al. (2009) obtained 0.95; Van Atta (1968) and Ramberg (1983)
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experimentally obtained 1.45 and 1.15. It might be caused by the difference between the
boundary conditions used in the simulation and the laboratory environment.
TABLE 5.1: A summary of statistics of the data for the studied
cases at Re = 1.4× 104
0◦ 30◦ 45◦ 60◦
St 0.21 0.18 0.15 0.10
Stn 0.21 0.21 0.21 0.20
CD 1.11 0.74 0.49 0.25
CDn 1.11 0.99 0.98 1.00
5.2 Re = 105
This section focuses on the three-dimensional flow structure in the near wake of an
inclined cable at a Reynolds number of 105. In particular, the characteristics of axial
flow will be investigated using the streamline visualization technique.
5.2.1 Surrounding Flow Structure
Figure 5.12 illustrates the three-dimensional streamline distribution around the circular
cylinder at the four studied inclination angles of α = 0◦, α = 30◦, α = 45◦, and α = 60◦,
when Re = 105. The streamlines were computed based on the time-averaged velocity
field over non-dimensional time period, T ∗ = 60. As shown in Fig. 5.12 (a), at this
relatively high Reynolds number, even the surrounding flow field in the cross-flow case
(α = 0◦) exhibited three-dimensional features, where the pattern of the streamlines in
the vortex generation region indicates that part of the flow moves helically along the
spanwise direction. For the other three non-zero inclination angle cases, Figs. 5.12 (b)
to 5.12 (d) show that when the incoming flow approaches the cylinder, it first bends
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FIGURE 5.12: Streamline visualization of the flow structure
around an inclined circular cylinder at Re = 105: (a) α = 0◦,
(b) α = 30◦, (c) α = 45◦, and (d) α = 60◦
slightly downward along the cylinder axial direction at the leading edge, then attaches
to the cylinder surface and moves downstream until flow separation occurs.
5.2.1.1 Middle Plane Streamtrace Distribution
To clearly show the spatial distribution of the axial flow, the instantaneous streamtrace
in the middle plane of the cylinder near wake (Fig. 5.13 (a)) are depicted in Figs. 5.13
(b) to (d) for the four non-zero inclination angle cases. It can be clearly observed that
with the increase of cylinder inclination, the flow on the cylinder leeward side tends
to change its direction from along free-stream towards along cylinder axis. In the near
wake region, a wavelike fluctuation of the streamtrace in the axial direction is captured
for all four non-zero inclination cases, with the wave length gradually increases at larger
cylinder inclination, i.e., a longer fluctuation period of the axial flow. When α = 60◦, this
wavelike fluctuation almost diminishes in the near wake region, implying the formation
of very strong axial flow. It can be speculated from this phenomenon that there might
exist a particular cylinder orientation at which the fluctuation frequency of the axial
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FIGURE 5.13: Middle plane streamtrace visualization of an
inclined circular cylinder at Re = 105: (a) α = 0◦, (b) α = 30◦,
(c) α = 45◦, and (d) α = 60◦
flow could be in multiples of that of the Kármán vortex shedding. Consequently, an
amplification effect on the cylinder response could occur for every few Kármán vortex
shedding, which is similar to the explanation by Matsumoto et al. (2001). Further study
is needed to confirm this speculation.
Although the presence of axial flow has been observed both experimentally (Matsumoto
et al., 2010) and numerically (Hoftyzer, 2016), the strength of axial flow and its relation
with the cylinder orientation is not well defined in the existing literature. Results in
Fig. 5.12 and Fig. 5.13 clearly indicate that the cylinder orientation has a considerable
impact on the axial flow formation. In the current study, the axial flow intensity is de-
fined as the axial flow velocity component versus the free-stream flow velocity. The
axial flow velocity is computed by taking the spatial average of the time-averaged ve-
locity field in the near wake. Four sampling parameters were placed at the center of the
recirculation zone at the following locations: (0.9D, 0.1D), (1.1D, 0.1D), (1.1D,−0.1D),
and (0.9D,−0.1D). Each value is both temporally and spatially (along z-axis) averaged.
The axial flow intensity corresponding to the four inclination angle cases are listed in
Table 2, which clearly suggests that the axial flow intensity would increase with larger
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TABLE 5.2: Axial flow intensity and flow parameters for an
inclined circular cylinder atRe = 105 predicted by the current
numerical model.
0◦ 30◦ 45◦ 60◦
Axial flow intensity ≈0 0.48 0.70 0.91
Strouhal number 0.21 0.19 0.13 0.05
Normalized Strouhal number 0.21 0.22 0.18 0.10
Drag coefficient 1.04 0.60 0.42 0.21
Normalized Drag coefficient 1.04 0.80 0.84 0.84
cylinder orientation. For α = 45◦, an axial flow intensity of 0.4 to 0.6 was reported by
Matsumoto et al. (2010) for three different types of cylinder boundary conditions based
on a wind tunnel test, and 0.4 to 0.8 from a field measurement. The current numeri-
cal simulation predicts an axial flow intensity of 0.7 at this inclination angle, which is
consistent with the literature data. It is worth mentioning that the periodic boundary
condition was applied in the current numerical simulation to simulate infinite cylinder
length.
5.2.1.2 Recirculation Zone
To further study how axial flow would influence the near wake flow structure of an in-
clined circular cylinder, the variation of the normalized time-averaged streamwise ve-
locity, u¯/U∞, along the wake centerline is portrayed in Fig. 5.14, where u¯ is the stream-
wise velocity and U∞ is the normal component of the incoming flow velocity. For the
inclined cases, the stream-wise direction is defined to be perpendicular to the cylinder
axis rather than along the free-stream velocity direction. The recirculation length, which
is the distance between the cylinder base point and the location where the stream-wise
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FIGURE 5.14: Time-averaged stream-wise velocity along the
wake centerline for an inclined circular cylinder at Re = 105
with a span-wise length of piD: (a) normalized by the stream-
wise velocity; (b) normalized by the normal component of
the incoming velocity
velocity along the wake centerline changes from negative to positive, is found to re-
main at approximately 0.74D when α = 0◦, 30◦, and 45◦, but reduces to 0.54 D once α
increases to α = 60◦.
5.2.2 Force Coefficients
5.2.2.1 Surface Pressure Distribution
Figure 5.15 illustrates the surface pressure distribution of the studied circular cylinder
when it is inclined at 0◦, 30◦, 45◦, and 60◦ at Re = 105. The time-averaged pressure
coefficient, C¯p = 2(p¯ − p0)/(ρU20 ), is plotted along the circumferential direction of the
cylinder cross-section, where ρ is the air density, p¯ is the time-averaged static pressure,
and U0 represents the free-stream velocity U in Fig. 5.15 (a) and its normal component
Un in Fig. 5.15 (b). It can be seen from Fig. 5.15 (a) that with the increase of cylinder incli-
nation, its surface pressure and suction reduces monotonically. Earlier discussions show
that higher intensity of axial flow would form in the cylinder near wake at large incli-
nation angle, which, as reflected in Fig. 5.15 (a), is the decreased suction on the leeward
side. Further, a distinct difference in the cylinder orientation effect on the magnitude of
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FIGURE 5.15: Time-averaged surface pressure coefficients
for an inclined circular cylinder at Re = 105: (a) normalized
by free-stream flow velocity; (b) normalized by the normal
component of free-stream flow velocity
the surface pressure and its distribution pattern can be observed by comparing the two
subplots in Fig. 5.15. It can be seen that while the surface pressure/suction decreases
steadily with the increase of cylinder inclination in Fig. 5.15 (a), the same monotonic
pattern does not appear in Fig. 5.15 (b), and the magnitude and distribution pattern at
α = 60◦ is not comparable with those in Fig. 5.15 (a).
5.2.3 Independence Principle
The validity of the IP, i.e., the physical quantities in an inclined body case is comparable
to a normal body case if they are normalized by the normal component of the incoming
flow velocity, has been discussed in numerous existing studies. However, most of these
investigations were conducted at relative low Reynolds numbers. For example, when
studying three-dimensional flow past a yawed circular cylinder at Re = 1000 for yaw
angle up to 60◦, Zhao et al. (2009) found that IP was generally satisfied, but the error
of the mean drag increases to a maximum of 10% as the yaw angle approaches to 60◦.
The current DDES is conducted at Re = 105. The result in Fig. 5.15 suggests that at this
relatively high Reynolds number, IP is valid for an inclination angle up to 45◦. Beyond
that, a significant deviation is observed.
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5.3 Summary
Flow around an inclined circular cylinder at Re = 1.4 × 104 and Re = 1.0 × 105 has
been numerically studied for four different inclination angles, 0◦, 30◦, 45◦ and 60◦, us-
ing delayed detached eddy simulation (DDES). By adopting the streamline visualization
technique, the formation of the axial flow on the leeward side of the cable surface was
identified. The vortical structures in the near wake have also been examined in detail.
The span-wise averaged cross-flow force in terms of the lift force coefficient, and the
corresponding sectional force coefficient have been investigated. Results show that the
orientation of the circular cylinder can significantly alter the surrounding flow struc-
ture, which would subsequently alter the distribution of the flow-induced forces in the
cross-flow direction and eventually the cylinder response. Main findings regarding the
cylinder orientation effect are summarized as follows:
• The presence of axial flow has a considerable impact on the flow structure in the
near wake of a circular cylinder. As the attack angle increases, the axial flow inten-
sity would increase with larger cylinder orientation. As a result, the axial flow sta-
bilizes the separated shear layers, which subsequently suppresses the formation
of the von Kármán vortex. The iso-surface contour of the second invariant and the
time-averaged component of the vorticity that is perpendicular to the stream-wise
direction confirm this mitigation of von Kármán vortex. In addition, it is found
that the vortex shedding tends to occur with a constant delay in the span-wise di-
rection at α = 30◦ atRe = 1.4×104, causing the primary vortical structure aligning
with the axis of the circular cylinder at a tilted angle.
• Because of the changes in the surrounding flow structure, the characteristics of
the cross-flow force are also changed accordingly. As inclination angle increases, a
reduction on windward side pressure and leeward side suction is observed. This
orientation-induced drag reduction could combine with the effect of drag crisis
and non-zero lift to possibly satisfy the Den Hartog criterion at certain cylinder
orientation and thus trigger galloping type response. It is also found that these
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changes in the surrounding flow structure would cause some unique features of
the sectional lift force coefficient. At an attack angle of 30◦ at Re = 1.4 × 104, the
titled vortical structure leads to a titled spatial distribution of the sectional force
coefficient in the time domain, which eventually causes the span-wise averaged
lift force coefficient to approach zero. In addition, a moving force pattern is ob-
served at the attack angle α = 30◦ at Re = 1.4 × 104. However, it shows less
periodicity compared to the DES study by Yeo and Jones (2008).
• At Re = 1.4 × 104, the Independence Principle (IP) can well predict St. A good
prediction of surface pressure on circular cylinder using IP is also observed, when
the position angle θ ≤ 50◦, but departs from the normal case by 15% when θ > 50◦.
At Re = 105, the IP is found to be invalid in predicting surface pressure when the
cylinder angle is large than 45◦.
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Chapter 6
EFFECT OF AXIAL FLOW VIA A
PERFORATED WAKE SPLITTER
PLATE
It was speculated by some researchers that the onset of dry inclined cable galloping
could be associated with the mitigation of von Kármán vortex shedding in the presence
of axial flow, the intensity of which would directly affect the strength of von Kármán
vortex shedding. To better understand the role of axial flow in exciting dry inclined ca-
ble galloping, how the change in axial flow intensity, or in other words, the strength of
von Kármán vortex shedding in the wake, would influence the flow structure around a
circular cylinder needs to be explored. In this chapter, a perforated splitter plate will be
placed in the near wake of a circular cylinder to simulate intensity variation of the axial
flow to indirectly study the role of axial flow in dry inclined cable galloping. The sur-
rounding flow structure will be studied followed by the analyze of the force coefficient.
Finally, it will discuss the effect on the opening pattern of the perforated splitter plate.
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6.1 Surrounding Flow Structure
Flow around a non-yawed circular cylinder with the presence of a perforated wake
splitter plate is investigated numerically at a Reynolds number of 3900. The effect of
axial flow on the flow structure around the cylinder is examined indirectly by placing
a perforated splitter plate in the near wake of the cylinder. Since the strength of the
von Kármán vortex shedding is dictated by the perforation ratio of the wake splitter
plate, four different perforation ratios, i.e. 0 (solid splitter plate), 1/3, 2/3 and 1 (no
splitter plate), are simulated in the current study to examine the impact of the axial flow
intensity on the aerodynamic behaviour of a circular cylinder. The Q value of the iso-
surfaces is 300(s−2), and its contour range of the vorticity varies from -30 to 30 (s−1).
Figure 6.1 shows the span-wise component, ωz , of the instantaneous vorticity for the no
splitter plate (perforation ratio = 1) and the solid splitter plate (perforation ratio = 0)
cases. The span-wise vorticity component ωz describes the formation structure of the
two shear layers on both sides of the circular cylinder. The numerical simulation results
in Fig. 6.1 demonstrate that the presence of a solid splitter plate would change the
cylinder near wake structure by interrupting the interaction between the two separated
shear layers and extend their development range in the wake. Thus, a wake splitter
plate could have a similar role as the axial flow on the leeward side of the cylinder.
The variations of the instantaneous vortex contour in the cylinder near wake at z =
D/4 within one cycle of vortex shedding are illustrated in Fig. 6.2 and 6.3 for the four
perforation ratio cases. It can be observed from Figs. 6.2 and 6.3 that as the perforation
ratio of the splitter plate decreases, the recirculation length gradually becomes longer.
As a consequence, the near wake becomes more stable since the interaction between the
two separated shear layers is more constrained. This clearly indicates that the intensity
of von Kármán vortex shedding is controlled by the perforation ratio of the wake splitter
plate.
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FIGURE 6.1: Instantaneous vortex structures (Q = 300[s−2]):
(a) Perforation ratio = 1 (no splitter plate) (b) Perforation ratio
= 0 (solid splitter plate)
6.2 Force Coefficient
Figure 6.4 shows snap shots of the instantaneous surface pressure distribution along the
circumference of the studied circular cylinder at its middle plane, in terms of the non-
dimensional surface pressure coefficient Cp, for the four different perforation ratio cases
at time instants of 6.0, 6.2, 6.4 and 6.6 second. They cover approximately a full period
of von Kármán vortex shedding. It is worth mentioning that time instant 6.0 second is
slightly lag behind that corresponding to zero instantaneous lift. The black solid line
represents the cylinder surface. The non-dimensional surface pressure coefficient Cp is
defined as:
Cp =
p− p0
ρU2/2
, (6.1)
where p is the instantaneous surface pressure of the cylinder, p0 is the reference pressure
at the infinite upstream, ρ is the density of the fluid, and U∞ is the freestream velocity of
the flow. As can be seen from Fig. 6.4 (a), when the splitter plate is solid, i.e. the perfora-
tion ratio is 0, the instantaneous surface pressure distribution profiles at the four studied
time instants within one vortex shedding period has no sizable difference and remain
symmetric. With the decrease of the plate perforation ratio, the difference between them
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FIGURE 6.2: Instantaneous z-axis vortex contour (Q =
300[s−2]) at mid-plane (z = D/4): (a) Perforation ratio = 0
(solid splitter plate) (b) Perforation ratio = 1/3
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FIGURE 6.3: Instantaneous z-axis vortex contour (Q =
300[s−2]) at mid-plane (z = D/4): (a) Perforation ratio = 2/3
(b) Perforation ratio = 1 (no splitter plate)
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within approximately one vortex shedding period, though still small, increases gradu-
ally, as shown in Figs. 6.4 (b) and (c). When the splitter plate is removed from the wake
(perforation ratio of 1), a clear variation of the instantaneous surface pressure distribu-
tion profile within approximately one vortex shedding period can be observed from Fig.
6.4 (d). In particular, the surface pressure distribution pattern becomes asymmetric at
time instant 6.2 second, which is approximately at 1/4 of a vortex shedding period. This
suggests that by placing a piece of more solid wake splitter plate, it would “stabilize”
the variation of the instantaneous surface pressure distribution and alter the associated
pattern to be more symmetric about the flow direction. Therefore, the strength of the
von Kármán vortex shedding would be weakened. In addition, the base pressure of the
cylinder is found to gradually increase with a more solid wake splitter plate.
Figure 6.5 shows the influence of the wake splitter plate perforation ratio on the mean
surface pressure coefficient distribution pattern of the circular cylinder. Similarly, it can
be clearly seen from the figure that when no wake splitter plate is present (perforation
ratio of 1), the distribution of the cylinder surface pressure is symmetric about the flow
direction. With the gradual decrease of the perforation ratio, i.e. the wake splitter plate
being more and more solid, the absolute value of the pressure coefficients gradually
decrease, implying the strength of the von Kármán vortex shedding is weakened. In
addition, it can be seen from Fig. 6.5 that as the perforation ratio increases, the absolute
value of the mean surface pressure coefficient would increase accordingly, except for
the perforation ratio case 2/3 , of which the surface pressure at the bottom side of the
cylinder is found to be slightly higher than the other cases. This could be associated
with the time duration over which the mean surface pressure coefficient is computed.
In the current study, it is calculated based on 10 von Kármán vortex shedding periods.
Further, such a change in the plate perforation ratio would result in a decrease in the
base pressure.
In general, the results in Figs. 6.4 and 6.5 indicate that the perforation ratio of the wake
splitter plate would dictate the symmetry of the surface pressure distribution pattern
around a circular cylinder and the magnitude of the base pressure, and thus affect the
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FIGURE 6.4: Instantaneous surface pressure distribution pro-
file at cylinder mid-plane (z = D/4) with four perforation
ratios: (a) 0, (b) 1/3, (c) 2/3, and (d) 1
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FIGURE 6.5: Ten periods mean surface pressure distribution
profile of the cylinder
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flow structure around the cylinder. The formation of axial flow on the leeward side
of an inclined and/or yawed stay cable is suspected to play a similar role as the wake
splitter plate in mitigating the strength of von Kármán vortex shedding, which would
consequently affect the cable surface pressure distribution pattern and ultimately its
wind-induced forces and responses.
When flow past a solid body, it would exert pressure forces normal to the body surface
and shear forces tangent to it. The resultant force of these two is usually decomposed
into an along-flow component, i.e. the drag force, and a cross-flow component, i.e. the
lift force. For the Reynolds number 3900 scenario studied in the current section, the
viscous shear force can be neglected. Thus, the lift force and the drag force acting on the
circular cylinder can be evaluated by integrating the normal pressure over the cylinder
circumferential surface. The sectional lift and drag can be computed from the following
equations:
−→
Fl =
∫ 2pi
0
p · −→ny · r · dθ =
n∑
0
p · −→ny · r∆ · θ (6.2)
−→
Fd =
∫ 2pi
0
p · −→nx · r · dθ =
n∑
0
p · −→nx · r∆ · θ (6.3)
where Fl and Fd are respectively the sectional lift and drag, p is the surface pressure at
a specific point on the cylinder surface, (−→nx) and (−→ny) are respectively the wall normal
vector in the x-and y-direction at that surface point, r is the radius of the cylinder, n is
the total number of nodes along the cylinder circumference, which is 392 in the current
study, and ∆θ = 2pi/n. The non-dimensional form of the time t, the sectional lift
−→
Fl , the
sectional drag
−→
Fd , and the von Kármán vortex shedding frequency f are designated as
T ∗, Cl, Cd, and St respectively.
Figures 6.6 and 6.7 depict respectively the time history of the lift and drag coefficients
over a time duration of approximately 10 vortex shedding periods for the four studied
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wake splitter plate perforation ratio cases. The mean drag coefficient, the root-mean-
square and the maximum instantaneous lift coefficient, which are computed based on
the simulated time history of 10 vortex shedding periods, are summarized in Table 6.1.
In terms of the statistical convergence, the averaging time used for computing these
statistics differ significantly from one to the other in the existing studies (Parnaudeau
et al., 2008). For instance, Kravchenko 2000 considered only 7 vortex shedding periods,
whereas Franke and Frank (2002) suggested to use 40 vortex shedding periods to obtain
accurate mean flow in the neighborhood of a cylinder. In the case of Dong et al. (2006),
40-50 vortex shedding cycles were simulated. However, Parnaudeau et al., (2008) ob-
served that the convergence level of a given set of data is very delicate to evaluate. They
could compute a set of first and second order statistics in excellent agreement with their
experimental data based on a simulated time history of 12 vortex shedding periods in-
stead of 52 periods. In the current study, it is found that the mean drag coefficient of
1.2054 computed based on a time history of 10 vortex shedding periods does not differ-
entiate too much from that based on a time history of 30 vortex shedding periods, which
is 1.2436. Therefore, the current results will be based on a simulated time history of 10
vortex shedding periods.
The lift coefficient time histories depicted in Fig. 6.6 show that the fluctuation amplitude
of the instantaneous lift is significantly affected by the presence of a perforated wake
splitter plate. As given in Table 6.1, by decreasing the plate perforation ratio from 1 (no
plate) to 0 (solid plate), the maximum instantaneous lift coefficient would reduce from
0.84 to 0.19 by 4.4 times, whereas the root-mean-square of the lift coefficient would drop
more than 5 times from 0.44 to 0.08. This set of results indicates that a more solid wake
splitter plate would discourage the shedding of the von Kármán vortex in the wake.
The mean drag results in Table 6.1 and the drag coefficient time histories in Fig. 6.7
indicate that the presence of a wake splitter plate would decrease the drag on a circular
cylinder. This reduction effect becomes more considerable should the perforation ratio
of the plate gradually decrease, i.e. the plate being more and more solid. The same
phenomenon was reported in the literature by Apelt et al. (1973) who used a solid wake
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FIGURE 6.6: Lift coefficient time histories for the four wake
splitter plate perforation ratio cases
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FIGURE 6.7: Drag coefficient time histories for the four wake
splitter plate perforation ratio cases
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splitter plate, and Cardell (1993) who used a permeable wake splitter plate having a
solidity of 0.65. The latter is close to the current case of perforation ratio 1/3. Cardell
(1993) conducted an experimental study at Reynolds number 4800 and found that com-
pared to the no-plate case, the installation of a permeable wake splitter plate of solidity
0.65 caused a reduction in the cylinder mean drag coefficient from 1.00 to 0.76 by 24%.
Whereas in the current simulation, a mean drag coefficient of 1.20 and 0.95 was obtained
respectively for the no-plate and the perforation ratio 1/3 cases at Reynolds number
3900, which leads to a drag reduction of 21%. Further, the pattern of the four drag coef-
ficients time history curves in Fig. 6.7 suggests that the fluctuation of the instantaneous
drag is mitigated by the existence of a wake splitter plate, and the suppression effect is
enhanced with the decrease of perforation ratio. This implies that the installation of a
more solid wake splitter plate would result in a stronger interruption in the interaction
between two separated shear layers.
6.3 Splitter Plate with a Different Opening Method
With the same perforation ratio, the geometry of the splitter plate could have a dif-
ferent configuration. It is natural to ask how the pattern of openings on a perforated
splitter plate would influence the interaction between the interaction of two separated
shear layers in the cylinder near wake. In this section, an investigation on this issue is
conducted.
In terms of the grid generation, the new perforated splitter plate was constructed based
on the grids in Fig. 4.4. The cells in the vicinity of the solid splitter plate were generated
in such a way that the surface of the splitter plate was uniformly divided into a total
number of 608 (19× 32) blocks. Figure 6.8 shows the detailed meshes of the perforated
splitter plates. The design of the grid for the new splitter plate aims at providing a
uniform distribution of the opening area and keep the perforation ratio as close as the
old grid (see Fig. 4.5) as it was described in the Section 6.
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The results of the force coefficients are summarized in Table 6.1. It can be observed that
the difference of the mean drag coefficient between the old and the new grids is about
3% and 1% for PR = 1/3 and 2/3, respectively. The maximum root mean square of the
lift force coefficient is found about 20% lower in the case of a new grid for the PR = 2/3
case.
To further compare the possible influence introduced by the approach of generating
the perforated splitter plate, the mean surface pressure coefficients using two different
opening methods with the same perforation ratio are plotted in Fig. 6.9. Results show
that the difference caused by the opening method has a negligible influence on the mean
statistics of the pressure distribution on the surface of a circular cylinder.
TABLE 6.1: Summary of the aerodynamic force coefficients
Force coefficient
Perforation ratio
0 1/3 1/3 2/3 2/3 1
(Old) (New) (Old) (New)
Cd,mean 0.9 0.95 0.98 1.01 1.02 1.20
Cl,rms 0.08 0.07 0.08 0.10 0.08 0.44
Cl,max 0.19 0.15 0.15 0.24 0.17 0.84
6.4 Summary
This section studied the flow past a non-yawed circular cylinder at a Reynolds number
of 3900, with the presence of a perforated wake splitter plate. The strength of von Kár-
mán vortex shedding is simulated by manipulating the perforation ratio of the wake
splitter plate. A total of four different perforation ratios of 0, 1/3, 2/3, and 1 have been
considered. Results show that the change in the von Kármán vortex shedding strength
could have a sizable impact on the flow structure around a circular cylinder and the
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FIGURE 6.8: Perforated splitter plates using a different way
to open holes on the solid splitter plates: (a) perforation ratio
≈ 1/3 (b) perforation ratio ≈ 2/3
aerodynamic forces acting on it. With the gradual decrease of the plate perforation ra-
tio, i.e., the presence of a more solid wake splitter plate, a stronger interruption on the
interaction between the shear layers formed on the two sides of the cylinder is observed,
which subsequently alters the surface pressure distribution pattern to be more symmet-
ric about the oncoming flow and reduces the strength of von Kármán vortex shedding
in the wake. This is similar to the observation (see Fig. 5.4) in the absence of the splitter
plate when the circular cylinder is inclined towards the oncoming flow. Such a change
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FIGURE 6.9: Mean surface pressure coefficients comparison
using different opening method with roughly the same per-
foration ratio: (a) perforation ratio≈ 1/3 (b) perforation ratio
≈ 2/3
in the surrounding flow structure results in a decrease in the fluctuating amplitude of
the instantaneous lift and drag acting on the cylinder and also the mean drag, which
would ultimately affect the flow-induced responses of the cylinder. It is also found that
the aerodynamic forces acting on the circular cylinder are more influenced by the per-
foration ratio of the splitter plate rather than its opening pattern.
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Chapter 7
EFFECT OF REYNOLDS NUMBER
Although Fig. 5.10 (d) shows an abrupt change in the cross-flow force at Re = 1.4× 104
when the cylinder is inclined at 30◦, it is natural to ask if this phenomenon strongly
depends on the angle of attack or on the Reynolds number? This chapter presents an
attempt to answer this question. It was perhaps first pointed out by Larose and Zan
(2001) that the critical Re could be a key parameter in triggering the dry inclined cable
galloping. The sharp decrease in the drag with increasingRe, together with the changes
in the vortex shedding frequency and non-zero lift due to asymmetric surface pressure
distribution, could lead to the aerodynamic instability of an inclined circular cylinder.
It is commonly accepted that the critical Reynolds number is in the range of 2 × 105 ∼
4×105, as suggested by Bearman (1969). In view of this, another two Reynolds numbers
were chosen: 1.4 × 105 and 2.8 × 105, aiming at capturing the flow properties prior to
and within the critical Reynolds number régime. In addition to these two high Reynolds
numbers, a Reynolds number of 3900 is also chosen to investigate the inclined circular
cylinder at a lower Reynolds number régime, serving mainly as a comparison because
of the rich data set at this particular Reynolds number.
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7.1 Force Coefficients
7.1.1 Initial State
Different from the discussions in Section 5.1.2 where the focus is more on the effect
of cylinder orientation at Re = 1.4 × 104, this section presents the effect of Reynolds
number on the lift force coefficient. Figure 7.1 shows the contour of sectional lift force
coefficient (left) and the span-wise averaged lift force coefficient (right) when inclination
angle is 0◦. Figures 7.1 (a), (c), (e), and (g) represent respectively the evolution of the
sectional CL along the entire span during the studied time frame atRe = 3900, 1.4×104,
1.4 × 105 (Laminar), 1.4 × 105 (Turbulent), and 2.8 × 105. The y-axis (Lz/D) represents
the dimensionless span-wise location of the sections in the contours. Figures 7.1 (b), (d),
(f), and (h) depict the time history of the span-wise averaged CL at Re = 3900, 1.4×104,
1.4×105 (Laminar), 1.4×105 (Turbulent), and 2.8×105, the y-axis in those four sub-plots
represents the magnitude of the span-wise averaged CL.
For all simulated flow around an inclined circular cylinder, the contour of the sectional
lift force coefficient are in a more organized mode in the sub-critical Reynolds number
régime in general, whereas the characteristics of the sectional lift force coefficient shows
a chaotic nature in the critical Reynolds number régime. The difference between Figs.
7.1 (e) and (i) is an illustration of this point. In an organized mode, the value of the
lift force coefficient is close to each other at a given time instance, whereas a significant
difference can be found in Fig. 7.1 (i). In addition to the case with zero attack angle, the
following discussion also includes the non-zero attack angle cases (30◦, 45◦, and 60◦) in
Figs 7.2, 7.3, and 7.4.
At a low sub-critical Reynolds number (Re = 3900), the titled sectional lift force coef-
ficient can be clearly observed when α ≥ 45◦ where as the moving force pattern (as
discussed in Section 5.1.2.2) is not captured at this Reynolds number.
At a moderate sub-critical Reynolds number (Re = 1.4 × 104), the sectional lift force
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coefficient starts to manifest the titled pattern when α ≥ 30◦. Besides, the moving force
pattern can be clearly observed (as denoted by white elliptical rings in Fig. 7.2 (c) and
Fig. 7.3 (c)).
At a high sub-critical Reynolds number (Re = 1.4 × 105), the titled sectional lift force
coefficient is also captured when α ≥ 30◦. However, the moving force pattern is only
captured at α = 30◦.
At critical Reynolds numbers, instead of showing an organized titled pattern of the
sectional lift force coefficient over the entire span-wise direction, it shows some titled
patterns within a short distance in the span-wise direction when α ≥ 30◦. Within the
critical Reynolds number, the span-wise averaged lift force coefficient manifests a sig-
nificant peak magnitudes (denoted by black arrow in Figs. 7.1 (j), Figs. 7.2 (j), and Figs.
7.3 (j)) after the initial contact between the flow and the circular cylinder which is dif-
ferent from the situation in sub-critical régime when α < 60◦. For example, it can be
observed from Fig. 7.1 (j) that the second peak of the span-wise averaged lift force coef-
ficient surges into a peak value of 0.17. After this peak value, this span-wise averaged
lift force coefficient still fluctuates but with a relatively small magnitude. In the sub-
critical Reynolds number, however, such behavior of the span-wise averaged lift force
coefficient is not noticeable.
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FIGURE 7.1: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 0◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
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FIGURE 7.2: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 30◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
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FIGURE 7.3: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 45◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
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FIGURE 7.4: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 60◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
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7.1.2 Quasi-periodic State
After the flow contacts with the circular cylinder, another time period was studied. To
differentiate from the “Initial state”, this time period is termed as “Quasi-periodic state”
in this thesis. Due to the limitation of computational resource, the time period of the
“Quasi-periodic state” is taken as a non-dimensional time period of 85. The meanings
of the x-axis and y-axis in Figs. 7.5 to 7.8 are the same as the description in Section 7.1.1.
Similar to the discussion in Section 7.1.1, the pattern of the sectional lift force coeffi-
cient shows an organized pattern in the sub-critical Reynolds number régime, whereas
it shows a chaotic nature (significant span-wise variation) in the critical Reynolds num-
ber régime.
At a low sub-critical Reynolds number (Re = 3900), a titled red/blue strips is observed
only at an attack angle α = 60◦. The tilted behavior of the sectional lift force coefficient
causes the span-wise averaged lift force coefficient to be close to zero (see Fig. 7.8 (b))
at Re = 3900, which is similar to the discussion in Section 5.1.2.2 especially in Fig. 5.10
(d).
At a moderate sub-critical Reynolds number (Re = 1.4 × 104), the titled pattern of the
sectional lift force coefficient is captured, but it does not cause the span-wise averaged
lift force coefficient to be a near-zero value. At this moderate sub-critical Reynolds
number, the titled angles of the red/blue strips are found to be less than that which
cause a near-zero value of span-wise averaged lift force coefficient at a lower sub-critical
Reynolds number (Re = 3900) at an attack angle of α = 60◦, as shown in Fig. 7.8 (b).
At a high sub-critical Reynolds number (Re = 1.4 × 105), the sectional lift force coef-
ficient gradually becomes disorganized, and it finally manifests a chaotic pattern at an
attack angle of 60◦.
At a critical Reynolds number (Re = 2.8 × 105), the pattern of the sectional lift force
coefficient contour is disorganized at the normal flow case. As the attack angle gradu-
ally increase, the red/blue strips gradually stretch alone the span-wise direction. There
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is an interesting observation at an attack angle of 45◦ at this Reynolds number. Figure
7.7 (i) illustrates that the disorganized distribution of the sectional lift force coefficient
(as discussed in Figs. 7.1 and 7.2) gradually becomes more organized, which causes a
steady increase of the span-wise averaged lift force coefficient, as shown in Fig. 7.7 (j).
In addition, it is found that the titled behaviors are similar overall but differ in details,
as can be seen in Figs. 7.7 (c), (e), and (g). For example, the red/blue stripes in Fig.
7.7 (c) are more straight than those in Figs. 7.7 (e) and (g). This difference can also be
viewed in the zoom-in pictures beside Figs. 7.7 (c), (e), and (g). This indicates that at
higher Reynolds numbers, the von Kármán vortex shedding tends to occur more locally,
whereas it takes place section by section at lower Reynolds numbers.
7.2 Statistics of Force Coefficient
A summary of the statistics of force coefficients is listed in Table 7.1. The Strouhal
number, the mean drag coefficient, and their normalized values (by the velocity com-
ponent perpendicular to the axis of the circular cylinder) for four attack angles at the
five studied Reynolds numbers are investigated. In the current study, a sharp decrease
of the mean drag coefficient and the increase in the Strouhal number was captured at
Re = 2.8 × 105, which suggest that the boundary layer is in turbulent state at the crit-
ical Reynolds number. By applying Independence Principle, the Strouhal number is
found to be perfectly matched for all the studied attack angles at a lower Reynolds
number (3900), fairly well agreed at a moderate Reynolds number (1.4×104), and poorly
matched at high Reynolds numbers (1.4 × 105 and 2.8 × 105). The predictions of mean
drag coefficient are less reliable than that of the Strouhal number, but the overall trend
that gives poor prediction at higher Reynolds numbers is the same as that of the Strouhal
number.
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FIGURE 7.5: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 0◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
7.3 Summary
This section studied the effect of Reynolds number with a focus on the cross-flow force
at four different attack angles (0◦, 30◦, 45◦ and 60◦). The characteristics of the cross-flow
force have been discussed in the sub-critical and the critical Reynolds number régime at
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FIGURE 7.6: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 30◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
four Reynolds number (3900, 1.4×104, 1.4×105, and 2.8×105). A large eddy simulation
was conducted at Re = 3900, whereas the delayed detached eddy simulations were
conducted at higher Reynolds numbers. The mean drag coefficients obtained in LS
(∼ 1.0) cases are in general agree with the literature. The sharp decrease in the mean
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FIGURE 7.7: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 45◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
drag coefficient in TS case with an increased Strouhal number is captured at the critical
Reynolds number in the current study. The contour of the sectional cross-flow forces
shows a significant variance along the span-wise direction when the flow is in the critical
Reynolds number range.
Overall, the sectional cross-flow forces manifest a stronger span-wise difference when
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FIGURE 7.8: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for angle of attack 60◦ at different Reynolds num-
bers: (a) & (b) 3900, (c) & (d) 1.4 × 104, (e) & (f) 1.4 × 105
(Laminar), (g) & (h) 1.4×105 (Turbulent), and (i) & (j) 2.8×105
the flow is in the critical Reynolds number régime, whereas the span-wise variation
is relatively small in the sub-critical Reynolds number régime. However, it should be
pointed out that the initial contact of the flow with the cylinder at the critical Reynolds
number régime has unique features. The span-wise averaged lift coefficient displays
a peak value at the very beginning of the vortex shedding, whereas in the sub-critical
régime such a behavior is not captured in the current study. The wind could be fully
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turbulent on site especially in the severe convection weather. The initial contact sim-
ulated in the current study could be a snap-shot of such an on-site condition between
the turbulent wind and an inclined stay cable. Therefore, the observed behavior of the
first impact of the oncoming flow implies that it could be a potential source to excite the
large amplitude vibration of stay cables.
In the quasi-periodic state, the tilted behavior of the sectional lift is a unique feature of
the flow around a circular cylinder with a non-zero attack angle, which could cause a
near-zero span-wise averaged lift force coefficient if the tilted angle of these red/blue
stripes is within a certain range. The delay of the lift force coefficient tends to happen
along the entire span-wise direction at α = 30◦, whereas it becomes a localized event
when α > 30◦.
In summary, the characteristics of the cross-flow forces show a very complicated behav-
ior even in the same flow régime. The titled behavior of the sectional cross-flow force
coefficients could drastically change the span-wise averaged lift force coefficient. Some
extreme cases that cause a near-zero span-wise averaged lift force coefficient are cap-
tured in the current study, but their dependence on the Reynolds number or the attack
angle remains unknown due to the limited cases studied within the scope of this the-
sis. It is possible that a combined effect of Reynolds number and attack angle together
generates a large amplitude response with a lower frequency of cross-flow force that
triggers the dry inclined cable galloping.
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TABLE 7.1: A summary of mean statistics of force coefficients
for the studied cases at different Reynolds numbers.
Re 0◦ 30◦ 45◦ 60◦
3900
St 0.21 0.18 0.15 0.10
Stn 0.21 0.21 0.21 0.21
CD 0.86 0.63 0.48 0.20
CDn 0.86 0.84 0.95 0.81
1.4× 104
St 0.20 0.18 0.15 0.09
Stn 0.20 0.20 0.22 0.19
CD 1.10 0.73 0.49 0.26
CDn 1.10 0.97 0.98 1.04
1.0× 105 (Lz = piD)
St 0.21 0.19 0.13 0.05
Stn 0.21 0.22 0.18 0.10
CD 1.04 0.60 0.42 0.21
CDn 1.04 0.80 0.84 0.84
1.4× 105 (LS)
St 0.19 0.21 0.19 0.13
Stn 0.19 0.25 0.27 0.26
CD 1.09 0.54 0.32 0.15
CDn 1.09 0.72 0.64 0.60
1.4× 105 (TS)
St 0.26 0.22 0.20 0.14
Stn 0.26 0.26 0.28 0.29
CD 0.68 0.43 0.28 0.15
CDn 0.68 0.58 0.56 0.59
2.8× 105
St 0.26 0.25 0.21 0.16
Stn 0.26 0.29 0.30 0.32
CD 0.55 0.37 0.23 0.11
CDn 0.55 0.50 0.47 0.43
94
Chapter 8
CONCLUSIONS AND
RECOMMENDATIONS
8.1 Conclusions
Vulnerability of bridge stay cables to dynamic excitations like wind is one of the contem-
porary challenges in the design of modern cable-stayed bridges. Though dry inclined
cable galloping has only been observed in a few wind tunnel tests so far, its possible
occurrence on site should not be disregarded due to its significant consequence. Re-
search effort in the past two decades identified a number of factors that could possibly
contribute to the generation mechanism of this type of aerodynamic instability. The
cable orientation and the Reynolds number effect are two of them. To better under-
stand the mechanisms associated with dry inclined cable galloping, numerical simula-
tions on flow around an inclined circular cylinder at five different Reynolds numbers
of 3900, 1.4 × 104, 105, 1.4 × 105, and 2.8 × 105 have been conducted for four different
inclination angles of α = 0◦, α = 30◦, α = 45◦, and α = 60◦ using a combination of the
detached eddy simulations and the large eddy simulations. Results indicate that the sur-
rounding flow structures of an inclined circular cylinder is considerably different from
that of a cross-flow circular cylinder, resulting a unique pattern of the sectional cross-
flow force coefficient. In addition to the direct study on the surrounding flow structure
of an inclined circular cylinder, the role of the axial flow forming on the leeward surface
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of an inclined circular cylinder was investigated via a perforated splitter plate installed
in the near wake region of a circular cylinder with the normal flow condition. The final
remarks of the current findings are concluded as follows:
1. The current numerical simulations are found in good agreement with the litera-
ture data for the cross-flow circular cylinder cases. A sharp decrease in the mean
drag coefficient was captured when the flow enters the critical Reynolds number
régime. A span-wise sensitivity study confirms that the result converges where
the distance between the two adjacent layers of 2D grid is less than 0.0669D for
the flow over an inclined circular cylinder, where D is the diameter of the cylin-
der. Although the span-wise averaged mean drag coefficient and the Strouhal
number remain almost unchanged using the periodic boundary conditions on the
span-wise wall, the sectional cross-flow force unveils that the length of the com-
putational domain in the span-wise direction should be at least greater than 20D
to avoid the side effect of using periodic boundary condition.
2. From the investigation on the cylinder orientation effect, it is found that as the at-
tack angle increases, the axial flow intensity would increase. As a result, the sepa-
rated shear layers are stabilized by the axial flow, which subsequently suppresses
the formation of von Kármán vortex shedding. The iso-surface of the second in-
variant and the time-averaged component of the vorticity that is perpendicular
to the stream-wise direction confirm this mitigation of von Kármán vortex shed-
ding. Because of the surrounding flow of an inclined circular cylinder, the sec-
tional cross-flow force shows some unique features. The contour of the sectional
lift force coefficient indicates that the local vortex shedding delays in time along
the span-wise direction, which causes a near-zero span-wise averaged lift force. It
is also found that this delay of the sectional lift force shows an intermittent nature
and it is not solely dependent on the attack angle or the Reynolds number.
3. From the investigation on Reynolds number effect, it is found that the delay of
the sectional lift force along the span-wise direction of the inclined cylinder tends
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to occur at lower Reynolds numbers, whereas this delay vanishes due to strong
variations of the sectional lift force coefficient along the span-wise direction in the
critical Reynolds number régime. It is also found that the initial contact of the
flow with the inclined cylinder (α ≤ 45◦) displays a peak value of the span-wise
averaged lift force coefficient in the critical Reynolds number régime; however,
this is not the case in the sub-critical Reynolds number.
4. Simulations using a perforated splitter plate placing at the leeward side of the
near wake of the circular cylinder confirm the interruption on the interaction be-
tween the separated shear layers by the perforated splitter plate. Using this indi-
rect method, the role of cutting the interaction between two separated shear flows
is found similar to the role of the axial flow in the direct simulating the flow over
an inclined circular cylinder. With the gradual decrease of the plate perforation
ratio, i.e., the presence of a more solid wake splitter plate, or a stronger formation
of axial flow in the near wake of the inclined circular cylinder, a stronger inter-
ruption on the interaction between the shear layers formed on the two sides of the
cylinder is observed, which subsequently alters the surface pressure distribution
pattern to be more symmetric about the oncoming flow and reduces the strength
of von Kármán vortex shedding in the wake. In addition, it is found that the statis-
tics of the aerodynamic forces is more sensitive to the perforation ratio instead of
the opening pattern on the perforated splitter plate.
The numerical simulation results obtained from the current study imply that the dry
inclined cable galloping could be a result of some low frequency forces resulting from
the unique fluid structure around an inclined circular cylinder within certain Reynolds
number régime. Three factors could be the source of the driving force: the titled pattern
of the sectional lift force coefficient, the moving peak force pattern, and the change of
wind condition (i.e., the initial contact). However, the current numerical model is based
on a static cylinder and only a limited number of cases are considered. The difficulties in
reproducing dry inclined cable galloping even in the laboratory environment suggests
that the fluid structure around an inclined cable is extremely sensitive to many factors,
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so further studies are needed.
8.2 Recommendations
To better understand the generation mechanism of the dry inclined cable galloping,
more numerical simulations should be conducted. Some recommendations are given as
follows:
1. More numerical studies should be conducted using different turbulence models,
such as the wall-resolved large eddy simulation or even the direct numerical sim-
ulation if computational resource permitted.
2. More attack angles need to be studied. A portion of the time history of sectional
lift force coefficient shows a special span-wise averaged lift force coefficient at
α = 30◦. What will happen if the attack angle is in the proximity of α = 30◦?
3. More Reynolds numbers are necessary to be included in investigating the dry in-
clined cable galloping. Even in the sub-critical Reynolds number range, only a
small portion of the sub-critical Reynolds number range has been explored.
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Appendix A
CODES
A.1 MATLAB© scripts
A.1.1 main.m
1 % Name : f o r c e s r e l a t e d p l o t s
2 % Input : f o r c e s c o e f f c i e n t s from OpenFOAM
3 % Input : f o r c e C o e f f s _ b i n . dat f o r c e C o e f f s . dat
4 % Output : Span−wise averaged Cl and Cd
5 % Output : S e c t i o n a l Cl and Cd
6 % Author : Ran Wang <wang1hf@uwindsor . ca>
7 % Create Date : <2017−08−28 Mon 11:12 >
8 %
9 %% Input information
10 % 1 . readingFromWhichLine
11 % 2 . maxCl
12 % 3 . CdMin
13 % 4 . CdMax
14 % 5 . del tT : read data a t a f i x i n t e r v a l
15 % 6 . lengthOfCylinder : uni t meter
16 %
110
17 %% Output information
18 %
19 % Four f i g u r e s :
20 % − span−wise averaged Cl and Cd with dimensional time
21 % ( easy to f i g u r e out the exac t time )
22 %
23 % − span−wise averaged Cl and Cd with non−dimensional time
24 % ( f o r p u b l i c a t i o n purpose )
25 %
26 % − s e c t i o n a l Cl and Cd with dimensional time
27 % ( easy to f i g u r e out the exac t time )
28 %
29 % − s e c t i o n a l Cl and Cd with non−dimensional time
30 % ( f o r p u b l i c a t i o n purpose )
31 %
32 %% Other information
33 %
34 % The nondimensional time a x i s i s c a l c u l a t e d by reading the
35 % v a r i b l e s <diamterOfCylinder > in plotCdAndCl .m.
36 %
37 % The diamter i s obtained from the funct ion
38 % readOfVelocityAndDiameter .m.
39 % This diamter i s passed to the funct ion
40 % plotContourCdAndCl .m to draw the non−dimensional time a x i s .
41 %−−−−−−−−−−−−− BEGIN CODE −−−−−−−−−−−−−−%
42 c l c ;
43
44 %% users input
45 readingFromWhichLine = 11
111
46 maxCl = 0 . 5
47 CdMin = round ( 0 . 6 0 , 2 )
48 CdMax = round ( 2 . 0 , 2 )
49 del tT = 50
50 diamterOfCylinder = 1
51
52 %% automat ica l read
53 [ ve loc i tyOfFluid , lengthOfTheCylinder ] . . .
54 = readOfVelocityAndDiameter ( )
55
56 %% main funct ion
57 % p l o t span−wise averaged l i f t and drag c o e f f i c i e n t s
58 plotCdAndCl ( readingFromWhichLine , . . .
59 maxCl , . . .
60 CdMin , . . .
61 CdMax, . . .
62 deltT , . . .
63 diamterOfCylinder . . .
64 )
65
66 % p l o t s e c t i o n a l l i f t and drag c o e f f i c i e n t s
67 plotContourCdAndCl ( readingFromWhichLine , . . .
68 lengthOfTheCylinder , . . .
69 veloc i tyOfFluid , . . .
70 deltT , . . .
71 maxCl , . . .
72 CdMin , . . .
73 CdMax, . . .
74 diamterOfCylinder . . .
112
75 )
76 %−−−−−−−−−−−−− END OF CODE −−−−−−−−−−−−−−%
113
A.1.2 plotCdAndCl.m
1 func t ion plotCdAndCl ( readingFromWhichLine , . . .
2 maxCl , . . .
3 CdMin , . . .
4 CdMax, . . .
5 deltT , . . .
6 diamterOfCylinder . . .
7 )
8 % Input : l i n e number to read data in * . dat f i l e
9 % maxCl
10 % CdMin
11 % CdMax
12 % deltT : sampling at an i n t e r v a l
13 %−−−−−−−−−−−−− BEGIN CODE −−−−−−−−−−−−−−%
14 % reading data
15 [ F o r c e c o e f f i c i e n t s , . . .
16 VarName2 , . . .
17 VarName3 , . . .
18 VarName4 , . . .
19 VarName5 , . . .
20 VarName6 ] = t e x t r e a d ( ’ f o r c e C o e f f s . dat ’ , . . .
21 ’%f %f %f %f %f %f ’ , . . .
22 ’ header l ines ’ , . . .
23 readingFromWhichLine . . .
24 ) ;
25
26 % reading v e l o c i t y
27 f i d = fopen ( ’ f o r c e C o e f f s . dat ’ ) ;
28 f i n d i n g V e l o c i t y = t e x t s c a n ( f id , ’%s ’ ) ;
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29 i n l e t V e l o c i t y = str2double ( f i n d i n g V e l o c i t y { 1 } { 2 5 } )
30
31 F o r c e c o e f f i c i e n t s _ r e a d A t I n t v a l = . . .
32 F o r c e c o e f f i c i e n t s ( 1 : del tT : length ( F o r c e c o e f f i c i e n t s ) , 1 ) ;
33 VarName3_readAtIntval = VarName3 ( 1 : del tT : length (
VarName3 ) , 1 ) ;
34 VarName4_readAtIntval = VarName4 ( 1 : del tT : length (
VarName4 ) , 1 ) ;
35
36 % alpha i s the a t t a c k angle
37 % v e l o c i t y i s based on the oncoming flow at i n l e t
38 alpha = 0 ;
39
40 % r e s u l t a n t flow v e l o c i t y
41 flowSpeed = i n l e t V e l o c i t y * cos ( alpha ) ;
42 c l = VarName4_readAtIntval /( cos ( alpha ) ) ^2;
43
44 % rough es t imat ion of c a l c u l a t e d period
45 sheddingPeriod = 5/flowSpeed ;
46
47 % p r o j e c t i o n length .
48 pro jec t ionLength = 1 ;
49 dt = F o r c e c o e f f i c i e n t s _ r e a d A t I n t v a l ( 2 ) . . .
50 − F o r c e c o e f f i c i e n t s _ r e a d A t I n t v a l ( 1 ) ;
51
52 % s e t t i n g x−a x i s range
53 displayTimeStar t = F o r c e c o e f f i c i e n t s _ r e a d A t I n t v a l ( 1 ) ;
54 displayTimeEnd = . . .
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55 F o r c e c o e f f i c i e n t s _ r e a d A t I n t v a l ( length (
F o r c e c o e f f i c i e n t s _ r e a d A t I n t v a l ) ) ;
56 c a l c u l a t e d P e r i o d = ( displayTimeEnd − displayTimeStar t ) /(
sheddingPeriod ) ;
57
58 % process ing l i f t c o e f f i c i e n t
59 d r a g C o e f f i c i e n t = VarName3_readAtIntval ;
60 l i f t C o e f f i c i e n t = VarName4_readAtIntval ;
61 FlowTime = F o r c e c o e f f i c i e n t s _ r e a d A t I n t v a l ;
62 beforeNormalizedFlowTime = FlowTime − FlowTime ( 1 ) ;
63
64 f o r choice = 1 : 2
65 i f choice == 1
66 normalizedFlowTime = . . .
67 beforeNormalizedFlowTime . * i n l e t V e l o c i t y /
diamterOfCylinder ;
68 CdOutPutName = ’ CdTotal−normalized ’ ;
69 ClOutPutName = ’ ClTotal−normalized ’ ;
70 e l s e
71 normalizedFlowTime = beforeNormalizedFlowTime ;
72 CdOutPutName = ’ CdTotal ’ ;
73 ClOutPutName = ’ ClTota l ’ ;
74 end
75
76 % p l o t Cd
77 p l o t ( normalizedFlowTime , dragCoef f i c i en t , ’−k ’ , ’ LineWidth ’ , 1 ) ;
78 xlim ( [ 0 normalizedFlowTime ( length ( normalizedFlowTime ) ) ] ) ;
79 ylim ( [ CdMin CdMax ] ) ;
80 legend ( ’ o f f ’ ) ;
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81 x l a b e l ( ’ $ t U_{\ i n f t y }/D$ ’ , . . .
82 ’ I n t e r p r e t e r ’ , . . .
83 ’ l a t e x ’ , . . .
84 ’FontName ’ , . . .
85 ’ Times New Roman ’ , . . .
86 ’ FontSize ’ , . . .
87 14 . . .
88 ) ;
89 y l a b e l ( ’$C_D$ ’ , . . .
90 ’ I n t e r p r e t e r ’ , . . .
91 ’ l a t e x ’ , . . .
92 ’FontName ’ , . . .
93 ’ Times New Roman ’ , . . .
94 ’ FontSize ’ , . . .
95 14 . . .
96 ) ;
97 f i g = gcf ;
98 f i g . PaperUnits = ’ inches ’ ;
99 f i g . PaperPosi t ion = [0 0 8 3 ] ;
100
101 % only show f i v e t i c k e r s
102 ClMin = round(−maxCl , 2 ) ;
103 ClMax = round ( maxCl , 2 ) ;
104 t ickerInbetweenA = round (CdMin+1*(CdMax−CdMin) /4 ,2) ;
105 t ickerInbetweenB = round (CdMin+2*(CdMax−CdMin) /4 ,2) ;
106 t ickerInbetweenC = round (CdMin+3*(CdMax−CdMin) /4 ,2) ;
107 s e t ( gca , . . .
108 ’ YTick ’ , . . .
109 [CdMin . . .
117
110 t ickerInbetweenA . . .
111 t ickerInbetweenB . . .
112 t ickerInbetweenC . . .
113 CdMax] . . .
114 ) ;
115 saveas ( gcf , CdOutPutName , ’ psc ’ ) ;
116 d e l e t e ( gcf ) ;
117
118 % p l o t Cl
119 hold o f f ;
120 p l o t ( normalizedFlowTime , . . .
121 l i f t C o e f f i c i e n t , . . .
122 ’−k ’ , . . .
123 ’ LineWidth ’ , . . .
124 1 . . .
125 ) ;
126 xlim ( [ 0 normalizedFlowTime ( length ( normalizedFlowTime ) ) ] ) ;
127 ylim ( [ ClMin ClMax ] ) ;
128 legend ( ’ o f f ’ ) ;
129 x l a b e l ( ’ $ t U_{\ i n f t y }/D$ ’ , . . .
130 ’ I n t e r p r e t e r ’ , . . .
131 ’ l a t e x ’ , ’FontName ’ , . . .
132 ’ Times New Roman ’ , . . .
133 ’ FontSize ’ , . . .
134 14 . . .
135 ) ;
136 y l a b e l ( ’ $C_L$ ’ , . . .
137 ’ I n t e r p r e t e r ’ , . . .
138 ’ l a t e x ’ , . . .
118
139 ’FontName ’ , . . .
140 ’ Times New Roman ’ , . . .
141 ’ FontSize ’ , . . .
142 14 . . .
143 ) ;
144 f i g = gcf ;
145 f i g . PaperUnits = ’ inches ’ ;
146 f i g . PaperPosi t ion = [0 0 8 3 ] ;
147 s e t ( gca , ’ YTick ’ , [ ClMin ClMin/2 0 ClMax/2 ClMax ] ) ;
148 saveas ( gcf , ClOutPutName , ’ psc ’ ) ;
149 d e l e t e ( gcf ) ;
150
151 choice = choice +1;
152 end
153
154 end
155 %−−−−−−−−−−−−− END OF CODE −−−−−−−−−−−−−−%
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A.1.3 plotContourCdAndCl.m
1 func t ion plotContourCdAndCl ( readingFromWhichLine , . . .
2 lengthOfTheCylinder , . . .
3 veloc i tyOfFluid , . . .
4 deltT , . . .
5 maxCl , . . .
6 CdMin , . . .
7 CdMax, . . .
8 diamterOfCylinder . . .
9 )
10 % Name : contour the drag and l i f t c o e f f i c i e n t s
11 % Input : bin data from the f o r c e C o e f f s _ b i n . dat
12 % Output : contours of Cd and Cl
13 % Author : Ran Wang
14 % Create Date : <2017−08−07 Mon 15:00 >
15 %−−−−−−−−−−−−− BEGIN CODE −−−−−−−−−−−−−−%
16 % reading data
17 f i d = fopen ( ’ f o r c e C o e f f s _ b i n s . dat ’ ) ;
18 r es = { } ;
19 while ~ f e o f ( f i d )
20 r es { end +1 ,1} = f g e t l ( f i d ) ;
21 end
22 f c l o s e ( f i d ) ;
23 howManyLine = numel ( r es ) ;
24
25 % find the d e l t a ( d i s t a n c e between two nodes )
26 f i i d = fopen ( ’ f o r c e C o e f f s _ b i n s . dat ’ ) ;
27 lineNumToReadDelta = 4 ;
28 d e l t a C e l l = t e x t s c a n ( f i i d , . . .
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29 ’ # d e l t a : %f32 ’ , . . .
30 ’ HeaderLines ’ , . . .
31 lineNumToReadDelta−1 . . .
32 ) ;
33 d e l t a = d e l t a C e l l { 1 , 1 }
34 f c l o s e ( f i i d ) ;
35
36 % find the s e c t i o n number
37 f i d = fopen ( ’ f o r c e C o e f f s _ b i n s . dat ’ ) ;
38 lineNumToReadSection = 2 ;
39 sectionNumberCell = t e x t s c a n ( f id , . . .
40 ’ # bins : %f32 ’ , . . .
41 ’ HeaderLines ’ , . . .
42 lineNumToReadSection−1 . . .
43 ) ;
44 sectionNumber = sectionNumberCell { 1 , 1 }
45 f c l o s e ( f i d ) ;
46 startLineNumber = readingFromWhichLine ;
47 endLineNumber = howManyLine ;
48 howManyTimeStep = ( endLineNumber − startLineNumber ) ;
49 s e c t i o n a l D r a g C o e f f i c i e n t = zeros ( howManyTimeStep , 1 ) ;
50 s e c t i o n a l L i f t C o e f f i c i e n t = zeros ( howManyTimeStep , 1 ) ;
51
52 % determine the i n t e r v a l in outputt ing the data ;
53 % p r e f e r each period has 20 images ;
54 % f o r 10 periods , i t output ~200 p i c t u r e s
55 % outPutFrequenceIndex =
56 % ( howManyTimeStep
57 % −(rem ( howManyTimeStep , howManyOutputFigures ) ) )
121
58 % /howManyOutputFigures ;
59
60 % read bin data
61 f o r i =1: sectionNumber
62
63 sectionName = s t r c a t ( ’ sectionNumber ’ , num2str ( i ) ) ;
64
65 indexDrag = ( 3 * i − 1) ;
66
67 i n d e x L i f t = ( 3 * i ) ;
68
69 time = dlmread ( ’ f o r c e C o e f f s _ b i n s . dat ’ , ’\ t ’ , . . .
70 startLineNumber , . . .
71 0 , . . .
72 [ startLineNumber 0 ( endLineNumber − 1) 0 ]
. . .
73 ) ;
74
75 % warning ! binData { cumulative no } i s the format
requirment in O. F .
76 % otherwise , i t needs to divide the raw data by the length
77 % ( d e l t a ./ lengthOfTheCylinder )
78 % t h i s w i l l convert the raw data i n t o the r e a l drag and
l i f t c o e f f i c i e n t s .
79
80 s e c t i o n a l D r a g C o e f f i c i e n t ( : , i ) = . . .
81 dlmread ( ’ f o r c e C o e f f s _ b i n s . dat ’ , ’\ t ’ , . . .
82 startLineNumber , indexDrag , . . .
83 [ startLineNumber . . .
122
84 indexDrag . . .
85 ( endLineNumber − 1) . . .
86 indexDrag ] ) . . .
87 /( d e l t a ./ lengthOfTheCylinder
. . .
88 ) ;
89
90 s e c t i o n a l L i f t C o e f f i c i e n t ( : , i ) = . . .
91 dlmread ( ’ f o r c e C o e f f s _ b i n s . dat ’ , ’\ t ’ , . . .
92 startLineNumber , indexLi f t , . . .
93 [ startLineNumber . . .
94 i n d e x L i f t . . .
95 ( endLineNumber − 1) . . .
96 i n d e x L i f t ] ) . . .
97 /( d e l t a ./ lengthOfTheCylinder
. . .
98 ) ;
99 end
100
101 s e c t i o n a l D r a g C o e f f i c i e n t _ r e a d A t I n t v a l = . . .
102 s e c t i o n a l D r a g C o e f f i c i e n t ( 1 : del tT : length (
s e c t i o n a l D r a g C o e f f i c i e n t ) , : ) ;
103
104 s e c t i o n a l L i f t C o e f f i c i e n t _ r e a d A t I n t v a l = . . .
105 s e c t i o n a l L i f t C o e f f i c i e n t ( 1 : del tT : length (
s e c t i o n a l L i f t C o e f f i c i e n t ) , : ) ;
106
107 t ime_readAtIntval = . . .
108 time ( 1 : del tT : length ( time ) , : ) ;
123
109
110 % conf igure the a x i s of the f i g u r e s
111 beforeNormalizeX = l i n s p a c e ( t ime_readAtIntval ( 1 ) −
t ime_readAtIntval ( 1 ) , . . .
112 t ime_readAtIntval ( length ( t ime_readAtIntval ) ) −
t ime_readAtIntval ( 1 ) , . . .
113 s i z e ( s e c t i o n a l D r a g C o e f f i c i e n t _ r e a d A t I n t v a l , 1 ) ) ;
114
115 y = l i n s p a c e ( 0 , lengthOfTheCylinder , . . .
116 s i z e ( s e c t i o n a l D r a g C o e f f i c i e n t _ r e a d A t I n t v a l , 2 ) ) ;
117
118 % t h i s f o r loop i s a work around method to generate two s e t s
p l o t s ;
119 % one with the non−dimensional time axis ,
120 % the other i s the dimensional time a x i s .
121
122 f o r choice = 1 : 2
123
124 i f choice == 1
125 % 2 . 1 i s the flow v e l o c i t y ;
126 % normalized time == ( time * v e l o c i t y / diameter of the
c i r c u l a r )
127
128 x = beforeNormalizeX . * v e l o c i t y O f F l u i d / diamterOfCylinder ;
129 CdOutPutName = ’ CdContour−normalized ’ ;
130 ClOutPutName = ’ ClContour−normalized ’ ;
131
132 e l s e
133 x = beforeNormalizeX ;
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134 CdOutPutName = ’ CdContour ’ ;
135 ClOutPutName = ’ ClContour ’ ;
136
137 end
138
139 % contour output s e t t i n g s
140 contourf ( x , y , s e c t i o n a l D r a g C o e f f i c i e n t _ r e a d A t I n t v a l ’ , . . .
141 100 , ’ L i n e S t y l e ’ , ’ none ’ . . .
142 ) ;
143 c a x i s ( [CdMin CdMax] ) ;
144 colormap J e t ;
145 h = co lo rb a r ;
146
147 % only show f i v e t i c k e r s
148 t ickerInbetweenA = round (CdMin+1*(CdMax−CdMin) /4 ,2) ;
149 t ickerInbetweenB = round (CdMin+2*(CdMax−CdMin) /4 ,2) ;
150 t ickerInbetweenC = round (CdMin+3*(CdMax−CdMin) /4 ,2) ;
151 h . Ticks = [CdMin . . .
152 t ickerInbetweenA . . .
153 t ickerInbetweenB . . .
154 t ickerInbetweenC . . .
155 CdMax . . .
156 ] ;
157 s e t ( gca , ’ XTick ’ , [ ] ) ;
158
159 % s e t the length of y a x i s
160 cylinderLengthA = round ( lengthOfTheCylinder /4 ,2) ;
161 cylinderLengthB = round ( lengthOfTheCylinder *2/4 ,2 ) ;
162 cylinderLengthC = round ( lengthOfTheCylinder *3/4 ,2 ) ;
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163 s e t ( gca , . . .
164 ’ YTick ’ , . . .
165 [0 . . .
166 cylinderLengthA . . .
167 cylinderLengthB . . .
168 cylinderLengthC . . .
169 lengthOfTheCylinder ] . . .
170 ) ;
171 y l a b e l ( ’ $L_z/D$ ’ , . . .
172 ’ I n t e r p r e t e r ’ , . . .
173 ’ l a t e x ’ , . . .
174 ’FontName ’ , . . .
175 ’ Times New Roman ’ , . . .
176 ’ FontSize ’ , . . .
177 14 . . .
178 ) ;
179 f i g = gcf ;
180 f i g . PaperUnits = ’ inches ’ ;
181 f i g . PaperPosi t ion = [0 0 8 3 ] ;
182 p r i n t ( gcf , ’−dpng ’ , ’−r100 ’ , CdOutPutName ) ;
183 d e l e t e ( gcf ) ;
184
185 % conf igure l i f t contour
186 contourf ( x , y , s e c t i o n a l L i f t C o e f f i c i e n t _ r e a d A t I n t v a l ’ , . . .
187 100 , ’ L i n e S t y l e ’ , ’ none ’ ) ;
188
189 ClMin = round(−maxCl , 2 ) ;
190 ClMax = round ( maxCl , 2 ) ;
191 c a x i s ( [ ClMin ClMax ] ) ;
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192 colormap J e t ;
193 h = co lo rb a r ;
194 h . Ticks = [ ClMin ClMin/2 0 ClMax/2 ClMax ] ;
195 s e t ( gca , ’ XTick ’ ) ;
196 x l a b e l ( ’ $ t U_{\ i n f t y }/D$ ’ , . . .
197 ’ I n t e r p r e t e r ’ , . . .
198 ’ l a t e x ’ , . . .
199 ’FontName ’ , . . .
200 ’ Times New Roman ’ , . . .
201 ’ FontSize ’ , . . .
202 14 . . .
203 ) ;
204 s e t ( gca , ’ YTick ’ , . . .
205 [0 . . .
206 cylinderLengthA . . .
207 cylinderLengthB . . .
208 cylinderLengthC . . .
209 lengthOfTheCylinder ] . . .
210 ) ;
211 y l a b e l ( ’ $L_Z/D$ ’ , . . .
212 ’ I n t e r p r e t e r ’ , . . .
213 ’ l a t e x ’ , . . .
214 ’FontName ’ , . . .
215 ’ Times New Roman ’ , . . .
216 ’ FontSize ’ , . . .
217 14 . . .
218 ) ;
219 f i g = gcf ;
220 f i g . PaperUnits = ’ inches ’ ;
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221 f i g . PaperPosi t ion = [0 0 8 3 ] ;
222 p r i n t ( gcf , ’−dpng ’ , ’−r100 ’ , ClOutPutName ) ;
223 d e l e t e ( gcf ) ;
224
225 choice = choice +1;
226 end
227
228 end
229 %−−−−−−−−−−−−− END OF CODE −−−−−−−−−−−−−%
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A.1.4 readOfVelocityAndDiameter.m
1 func t ion [ v e l o c i t y O f F l u i d lengthOfCylinder ] =
readOfVelocityAndDiameter ( )
2 %−−−−−−−−−−−−− BEGIN CODE −−−−−−−−−−−−−−%
3 readingFromWhichLine = 1 1 ;
4
5 [ F o r c e c o e f f i c i e n t s , . . .
6 VarName2 , . . .
7 VarName3 , . . .
8 VarName4 , . . .
9 VarName5 , . . .
10 VarName6 ] = . . .
11 t e x t r e a d ( ’ f o r c e C o e f f s . dat ’ , . . .
12 ’%f %f %f %f %f %f ’ , . . .
13 ’ header l ines ’ , . . .
14 readingFromWhichLine ) ;
15
16 % reading v e l o c i t y ; 25 i s a magical number
17 f i d = fopen ( ’ f o r c e C o e f f s . dat ’ ) ;
18 f i n d i n g V e l o c i t y = t e x t s c a n ( f id , ’%s ’ ) ;
19 v e l o c i t y O f F l u i d = str2double ( f i n d i n g V e l o c i t y { 1 } { 2 5 } )
20 lengthOfCylinder = str2double ( f i n d i n g V e l o c i t y { 1 } { 3 3 } )
21
22 end
23 %−−−−−−−−−−−−− END OF CODE −−−−−−−−−−−−−−%
129
A.2 Bash script
A.2.1 mergeData
1 # !/ bin/bash −
2 # t i t l e : mergeData
3 # d e s c r i p t i o n : merge c o e f f i c i e n t s i n t o one f i l e
4 # author : Ran Wang
5 # date :20180703
6 # vers ion : 0 . 0
7 #usage : sh ./ mergeData
8 # bash_version : 4 . 1 . 2 ( 1 )−r e l e a s e
9
10 t e s t =$ ( f ind . \
11 −maxdepth 1 \
12 −type d \
13 −regextype sed \
14 −regex ’ . * ’ \
15 −not −path ’ * / \ . * ’ \
16 | cut −c 3− \
17 )
18
19 echo " Analysing your postProcess ing f o l d e r . . . "
20
21 a =( $ ( echo " $ t e s t " | t r ’ , ’ ’\n ’ | s o r t −g ) )
22
23 echo "You have : $ {# a [@] } time f o l d e r s : "
24
25 f o r ( ( i =0 ; i <$ { #a [@ ] } ; i ++) )
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26
27 do
28 echo " $ { a [ i ] } "
29
30 done
31
32 echo "====================="
33
34 echo " Creat ing the tmp data "
35
36 cd " $ { a [ 0 ] } "
37
38 cp −f ./ f o r c e C o e f f s . dat . . / f o r c e C o e f f s . dat . tmp
39
40 cd . .
41
42 #### loop i n i t a l : f ind the l a t e s t time in the 0 f o l d e r
43
44 cd " $ { a [ 0 ] } "
45
46 l a t e s t T i m e=$ ( t a c f o r c e C o e f f s . dat \
47 | egrep −m 1 . \
48 | head −n1 \
49 | awk ’ { p r i n t $1 ; } ’ \
50 )
51
52 echo " The l a t e s t time before merging i s $ la tes tT ime "
53
54 nextLine =1
131
55
56 cd . .
57
58 #### loop a l l the time data
59
60 f o r ( ( i =1 ; i <$ { #a [@ ] } ; i ++) )
61
62 do
63
64 cd " $ { a [ i ] } "
65
66 echo " Enter ing the f o l d e r : $ {PWD##*/} "
67
68 l a t e s t T i m e=$ ( t a c . . / f o r c e C o e f f s . dat . tmp \
69 | egrep −m 1 . \
70 | head −n1 \
71 | awk ’ { p r i n t $1 ; } ’ \
72 )
73
74 latestTimeLineNum=$ ( grep −nw " $ la tes tT ime " \
75 f o r c e C o e f f s . dat \
76 |gawk ’ { p r i n t $1 } ’ FS=" : " \
77 )
78
79 ( ( latestTimeLineNum += nextLine ) )
80
81 echo " The l a t e s t T i m e i s a t l i n e : $latestTimeLineNum "
82
83 sed −n " $latestTimeLineNum , $ p" f o r c e C o e f f s . dat \
132
84 >> . . / f o r c e C o e f f s . dat . tmp
85
86 i f [ $ i −eq 1 ]
87 then
88 echo " Process ing data "
89 e l s e
90 echo " The l a t e s t time before merging i s $ la tes tT ime "
91 f i
92
93 cd . .
94
95 done
96
97 echo " The f o r e c e . dat has been merged . "
98
99 #### merge bin data
100
101 echo "==================="
102 echo " Working on bin data "
103 echo "==================="
104 t e s t =$ ( f ind . −maxdepth 1 \
105 −type d \
106 −regextype sed \
107 −regex ’ . * ’ \
108 −not −path ’ * / \ . * ’ \
109 | cut −c 3− \
110 )
111
112 echo " Analysing postProcess ing f o l d e r . . . "
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113
114 abin =( $ ( echo " $ t e s t " | t r ’ , ’ ’\n ’ | s o r t −g ) )
115
116 echo " Found $ {# abin [@] } time f o l d e r s : "
117
118 f o r ( ( j =0 ; j <$ { # abin [@ ] } ; j ++) )
119
120 do
121 echo " $ { abin [ j ] } "
122
123 done
124
125 echo "====================="
126 echo " Creat ing the tmp data "
127 echo "====================="
128
129 cd " $ { abin [ 0 ] } "
130
131 cp −f ./ f o r c e C o e f f s _ b i n s . dat . . / f o r c e C o e f f s _ b i n s . dat . tmp
132
133 cd . .
134
135 #### loop i n i t a l : f ind the l a t e s t time in the 0 f o l d e r
136
137 cd " $ { abin [ 0 ] } "
138
139 l a t e s t T i m e=$ ( t a c f o r c e C o e f f s . dat \
140 |egrep −m 1 . \
141 |head −n1 \
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142 |awk ’ { p r i n t $1 ; } ’ \
143 )
144
145 echo " The l a t e s t time before merging i s $ la tes tT ime "
146
147 nextLine =1
148
149 cd . .
150
151 #### loop a l l the time data
152
153 f o r ( ( j =1 ; j <$ { # abin [@ ] } ; j ++) )
154
155 do
156
157 cd " $ { abin [ j ] } "
158
159 echo " Enter ing i n t o the f o l d e r : $ {PWD##*/} "
160
161 l a t e s t T i m e=$ ( t a c . . / f o r c e C o e f f s _ b i n s . dat . tmp \
162 |egrep −m 1 . \
163 |head −n1 \
164 |awk ’ { p r i n t $1 ; } ’ \
165 )
166
167 latestTimeLineNum=$ ( grep −nw " $ la tes tT ime " \
168 f o r c e C o e f f s _ b i n s . dat \
169 |gawk ’ { p r i n t $1 } ’ FS=" : " \
170 )
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171
172 ( ( latestTimeLineNum += nextLine ) )
173
174 echo " The l a t e s t T i m e i s a t l i n e : $latestTimeLineNum "
175
176 sed −n " $latestTimeLineNum , $ p" f o r c e C o e f f s _ b i n s . dat >> \
177 . . / f o r c e C o e f f s _ b i n s . dat . tmp
178
179 i f [ $ j −eq 1 ]
180 then
181 echo " Process ing data "
182 e l s e
183 echo " The l a t e s t time before merging i s $ la tes tT ime "
184 f i
185
186 cd . .
187
188 done
189
190 echo " The f o r e c e _ b i n s . dat has been merged . "
191
192
193 #### check the unnecessary data
194 #### ( genereted by not cons ider ing the time data without
overlaps )
195
196 echo " Checking the unncessary data "
197
198 #### process ing span−wise averaged data
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199 t a i l −n +10 f o r c e C o e f f s . dat . tmp | grep −v ’ ^# ’ > f o r c e C o e f f s .
dat . onlyTime &&
200 sed ’ 10 , $ d ’ f o r c e C o e f f s . dat . tmp > f o r c e C o e f f s . dat . onlyHead &&
201 c a t f o r c e C o e f f s . dat . onlyTime >> f o r c e C o e f f s . dat . onlyHead &&
202 mv −f f o r c e C o e f f s . dat . onlyHead f o r c e C o e f f s . dat . merged
203
204 #### process ing span−wise averaged data
205 t a i l −n +10 f o r c e C o e f f s _ b i n s . dat . tmp | grep −v ’ ^# ’ >
f o r c e C o e f f s _ b i n s . dat . onlyTime &&
206 sed ’ 10 , $ d ’ f o r c e C o e f f s _ b i n s . dat . tmp > f o r c e C o e f f s _ b i n s . dat .
onlyHead &&
207 c a t f o r c e C o e f f s _ b i n s . dat . onlyTime >> f o r c e C o e f f s _ b i n s . dat .
onlyHead &&
208 mv −f f o r c e C o e f f s _ b i n s . dat . onlyHead f o r c e C o e f f s _ b i n s . dat . merged
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Appendix B
EFFECT OF SAMPLING TIME
In addition to the flow fluctuation caused by the von Kármán vortex shedding, the time
history of the lift force coefficient also contains a low frequency variation. This is often
referred to as the modulations of the shedding, which has also been captured in an exist-
ing numerical simulation (Travin et al., 1999) and an experimental work (Cantwell and
Coles, 1983). For calculating the mean statistics, the initial transient period was removed
because the focus is on the fluid field after the transition. However, to the author’s best
knowledge, there is no general agreement on the time duration of the simulation. For
example, Kravchenko and Moin (2000) considered seven vortex shedding periods. Par-
naudeau et al. (2008) found that the statistical data matched their experimental works
using twelve shedding cycles. In the current study, six time windows were chosen to
investigate the effect of sampling period. A sampling period, Ts, is defined by 120 non-
dimensional time. The shortest (0.5Ts) and longest (4Ts) sampling time periods is 60
and 480 non-dimensional time, respectively. We cover the longest time period of 4Ts.
With regard to the computational cost, the clock time for running a sampling period,
Ts, is about 135 hours (∼ 6 days). A total number of 48 cpus was utilized for the case,
Re = 1.4 × 104. It can be seen from Table B.1 that the relative difference is about 0.9%
between Ts and 4Ts for the time averaged drag coefficient. In contrast to the time av-
eraged drag coefficient, the Strouhal number almost remains unchanged using 0.5Ts or
4Ts.
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TABLE B.1: Statistical convergence study of the force coeffi-
cients (Re = 1.4× 104)
0.5Ts 0.7Ts Ts 2Ts 3Ts 4Ts
CD 1.09 1.13 1.12 1.10 1.11 1.11
St 0.20 0.20 0.20 0.20 0.19 0.20
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Appendix C
EFFECT OF COMPUTATIONAL
DOMAIN
Periodic boundary conditions (PBC) are chosen to simulate an infinite system by using
a finite number of computational cells. In a DNA simulation, de Souza and Ornstein
(1997) found that the size of the computational box could have a considerable impact
on the simulation results. However, to the best of the author’s knowledge, there is no
investigation on effects of the size of the computational domain to the cross-flow forces
at a high Reynolds number. In this section a parametric study has been conducted to
investigate this effect. The numerical setup is the same as the case (Re = 1.4 × 104).
Results show that when the length of the computational domain is smaller than 6D, the
artifact effects could alter the spatial distribution of the sectional lift force coefficient.
For example, the contour of sectional lift force coefficient displays a polka-dot pattern
as shown in Fig. C.2 (a), which is a unreal representing of the fluid. By further increase
the length of the circular cylinder, this artifact effect could be mitigated. Although it is
not completely eliminated, this side-effect could be ignored when lz/D ≥ 20.
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FIGURE C.1: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for different length in span-wise direction at Re =
1.4 × 104: (a) & (b) z/D = 2, (c) & (d) z/D = 4, (e) & (f)
z/D = 6 , (g) & (h) z/D = 8, and (i) & (j) z/D = 10
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FIGURE C.2: Sectional lift coefficients contours along the z-
axis and time domain and the span-wise averaged lift force
coefficient for different length in span-wise direction at Re =
1.4 × 104: (a) & (b) z/D = 12, (c) & (d) z/D = 14, (e) & (f)
z/D = 16 , (g) & (h) z/D = 18, and (i) & (j) z/D = 20
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